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List of symbols and abbreviations 
 
Symbols 
 
°C  degree Celsius 
cm  centimeter 
eV  electronvolt 
f  frequency 
g  gram 
h  hour 
Hz  hertz 
K  degree Kelvin 
kHz  kilohertz 
kPa  kilopascal 
kV  kilovolt 
µm  micrometer 
mA  milliampere 
mHz  millihertz 
mg  milligram 
min  minute 
mL  milliliter 
mm  millimeter 
mmol  millimole 
mol  mole 
mV  millivolt 
νR  rotor frequency 
nm  nanometer 
rpm  rotations per minute 
σ  (proton) conductivity 
sccm  standard cubic centimeters per minute 
wt%  weight percentage 
Z’   real part of the impedance 
Z''  imaginary part of the impedance 
 
Abbreviations 
 
ac  alternating current 
C  capacity 
ca  circa 
DB  degree of branching 
DMA  dynamic mechanical analysis 
DMFC  direct methanol fuel cell 
DS  degree of sulfonation 
EA  elemental analysis 
e.g.  exempli gratia 
ESI  electron spectroscopic imaging 
(E)IS  (electrochemical) impedance spectroscopy 
GPC  gel permeation chromatography 
HMW  high molecular weight (fraction of PEOS) 
i.e.  id est 
KU  Keggin unit 
ii 
 
MAS  magic angle spinning 
MEA  membrane electrode assembly 
NMR   nuclear magnetic resonance spectroscopy 
ocp  open circuit potential 
PEM(FC) proton exchange membrane / polymer electrolyte membrane (fuel cells) 
R  resistance 
RC  resistor-capacitor  
RH  relative humidity 
RT  room temperature 
SAXS  small-angle X-ray scattering 
(semi-)IPN  (semi-)interpenetrating polymer network 
SIPNs   simultaneous interpenetrating networks 
SS-NMR solid state nuclear magnetic resonance 
TEM  transmission electron microscopy 
TFE   thin film evaporator 
vs.  versus 
 
dh-IMI N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole 
DMAc  dimethylacetamide 
HPA(s) heteropolyacid(s) 
H2SO4  sulfuric acid  
MeOH  methanol 
PAOS  polyalkoxysiloxane 
PEEK  poly(ether ether ketone) 
PEOS  polyethoxysiloxane 
PFSA  perfluoro sulfonic acid  
P2O5  phosphorous pentoxide 
PWA  phosphotungstic acid 
SPEEK sulfonated poly(ether ether ketone) 
TEOS   tetraethoxysilane / tetraethyl orthosilicate 
TMS  tetramethylsilane 
SiO2  silicon oxide / silica 
-Si-OH silanol group 
-SO3H  sulfonic acid group 
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Summary 
This thesis deals with the preparation and characterization of hybrid organic/inorganic 
membranes obtained from solutions, where the organic phase is the sulfonated poly(ether 
ether ketone) (SPEEK) and the inorganic phase are silica nanoparticles obtained from the in 
situ "water free" sol-gel process of polyethoxysiloxane (PEOS). PEOS is a soluble and liquid 
hyperbranched polymer of low viscosity synthesized in our laboratories via a one pot reaction 
between tetraethoxysilane (TEOS) and acetic anhydride. The PEOS used within this thesis 
contains ca 48 wt% of silica. The use of the polymeric silica precursor PEOS instead of the 
commonly used TEOS offers several advantages among which the need of less water for the 
conversion into silica, the possibility to modify the ethoxy end-groups so that functional 
groups can be anchored to the silica particles, and the higher thermal stability of PEOS that 
allows the application of the sol-gel method not only for the preparation of materials from 
solution but also from the melt. 
The aim of this research study was to establish a correlation between membranes’ 
morphology and proton conductivity, a property relevant for the application that motivated 
our research: proton exchange membranes for fuel cells. Fuel cells are electrochemical 
devices that convert chemical energy to electrical energy. Their efficiency depends on the 
efficiency of the proton transport through the membranes. We postulate that the proton 
transport in hybrid membranes occurs at the interface between the organic and the inorganic 
phase. Therefore our efforts were addressed toward the preparation of SPEEK-silica 
membranes with the highest possible organic-inorganic surface area. In order to create a 
composite membrane with nanoscopic phase morphology, we followed a semi-
interpenetrating network concept, where the phase separation occurs during film formation 
while one phase becomes highly crosslinked, i.e. the liquid PEOS is transformed into silica. 
We investigated the parameters that influence the final morphology in order to be able to 
control it. The morphology of the membranes was determined by transmission electron 
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microscopy, while the proton mobility was measured by electrochemical impedance 
spectroscopy and 1H solid state NMR.  
The membranes were prepared from solutions via centrifugal casting and knife coating. The 
solutions containing from 10 to 50 wt% of PEOS lead to tough samples containing ca 5 to 33 
wt% of silica, mostly transparent or opalescent. Higher inorganic contents produced brittle 
membranes.  
The particles size can be controlled by selecting carefully the starting polymers: SPEEK 
prepared from the sulfonation of poly(ether ether ketone) in concentrated sulfuric acid without 
the addition of oleum and PEOS from which the low volatile fractions had been removed 
produced samples with smaller sizes and narrower particles size distribution. Other relevant 
parameters that influence the morphology are: (i) concentration of the solution; (ii) PEOS 
content; (iii) presence of a compatibilizer that reduces the SPEEK-PEOS phase separation (iv) 
presence of acidic doping agent that speeds up the conversion of PEOS; (v) presence of water 
in solution; (vi) stirring time and temperature; (vii) speed of solvent evaporation; (viii) 
membrane thickness. 
The non conductive silica generated from PEOS improves the proton mobility within the 
samples. It is speculated that this effect is due to: (i) the presence of silanol groups that help 
water retention on the surface of the silica particles, thus facilitating proton hopping between 
neighboring particles; (ii) the re-arrangements of the hydrophobic/hydrophilic microstructure 
of SPEEK during the transformation of PEOS into silica. 
The proton conductivity was enhanced by the introduction of small amounts of 
phosphotungstic acid, a heteropolyacid that exhibits high conductivity at room temperature. 
The formation of an ultrafine morphology was achieved by using a compatibilizer - N-(3-
triethoxysilylpropyl)-4,5-dihydroimidazole - that reduced the phase separation between 
SPEEK and PEOS via acid-base interaction with SPEEK and via condensation reaction with 
PEOS.  
v 
 
Zusammenfassung 
Die vorliegende Doktorarbeit beschäftigt sich mit der Herstellung und der Charakterisierung 
von organisch/anorganischen Hybrid-Membranen, die aus Lösung hergestellt werden. Die 
organische Matrix ist ein sulfoniertes Poly(ether ether keton) (SPEEK) und die anorganische 
Phase besteht aus Silika-Nanopartikeln, die in-situ durch einen „wasserfreien“ Sol-Gel-
Prozess aus Polyethoxysiloxan (PEOS) erzeugt werden. PEOS ist ein flüssiges und lösliches 
hochverzweigtes Polymer mit niedriger Viskosität, das in unserem Institut über eine 
Einstufen-Reaktion aus Tetraethoxysilan (TEOS) und Acetanhydrid hergestellt wird. Das 
PEOS, welches in dieser Arbeit zum Einsatz kommt, enthält ca. 48 Gew.% Silica. Die 
Verwendung der polymeren Form des Silica-Precursors bietet einige Vorteile im Vergleich zu 
dem traditionell verwendeten TEOS, unter anderem die Möglichkeit die Umwandlung in 
Silica mit weniger Wasser zu erreichen, die Möglichkeit die Ethoxy-Endgruppen so zu 
modifizieren, dass funktionelle Gruppen an den Silica-Partikeln verankert werden und eine 
höhere thermische Stabilität, die die Anwendung der Sol-Gel Methode nicht nur für die 
Synthese des Materials aus Lösungen sondern auch aus einer Schmelze erlaubt. 
Ziel unserer Untersuchungen war es, eine Korrelation zwischen der Morphologie der 
Membran und ihrer Protonen-Leitfähigkeit abzuleiten, da letztere eine relevante Eigenschaft 
für die Anwendung ist, die unsere Forschung motiviert hat: Protonen-Austausch-Membranen 
für Brennstoffzellen. Brennstoffzellen sind elektrochemische Einheiten, die chemische in 
elektrische Energie umwandeln. Ihre Effizienz hängt von der Effizienz des Protonen-
Transports durch die Membran ab. Wir nehmen an, dass der Protonen-Transport in Hybrid-
Membranen an der Grenzfläche zwischen der organischen und der anorganischen Phase 
stattfindet. Daher richtete sich unsere Aufmerksamkeit auf die Synthese von SPEEK-Silica 
Membranen mit einer möglichst großen Grenzfläche zwischen der organischen und der 
anorganischen Phase. Um eine Komposit-Membran mit einer Morphologie im Bereich 
nanoskopischer Teilchen zu entwickeln, folgten wir dem „semi-interpenetrating network“ 
vi 
 
Konzept. Dabei erfolgt die Phasentrennung während der Film-Bildung wobei eine der Phasen 
stark vernetzt, d.h. flüssiges PEOS wird zu Silica überführt. Wir haben die Parameter 
untersucht, welche die Membran- Morphologie beeinflussen, um diese einstellen zu können. 
Die Morphologie der Membranen wurde mittels Transmissions-Elektronenmikroskopie 
bestimmt, während die Protonen-Mobilität über elektrochemische Impedanz-Spektroskopie 
und Festkörper-1H NMR Spektroskopie ermittelt wurde. 
Die Membranen wurden aus Lösung durch Gießen in einer Zentrifuge (centrifugal casting) 
und über Rakelverfahren (knife coating) hergestellt. Lösungen, die 10 bis 50 Gew.% PEOS 
enthielten, führten zu zähen Proben mit ca. 5 bis 33 Gew.% Silica und waren meist 
transparent oder opaleszent. Höhere Anteile an anorganischem Material führten zu brüchigen 
spröden Membranen. 
Die Partikelgröße kann durch eine sorgfältige Wahl der Ausgangspolymere kontrolliert 
werden: SPEEK, das durch Sulfonierung von Poly(ether ether keton) in konzentrierter 
Schwefelsäure ohne Zugabe von Oleum hergestellt wurde and PEOS das von leicht flüchtigen 
Anteilen befreit wurden, ergeben Proben mit kleiner Partikelgröße und enger Partikelgrößen-
Verteilung. Andere relevante Parameter, die die Morphologie beeinflussen, sind: (i) die 
Konzentration der Lösung; (ii) der PEOS Gehalt; (iii) die Anwesenheit eines 
Verträglichkeitsvermittlers, der die SPEEK-PEOS Phasenseparation reduziert; (iv) die 
Anwesenheit eines sauren Dotierungs-Agenzes, das die Umwandlung von PEOS 
beschleunigt; (v) die Anwesenheit von Wasser in der Lösung; (vi) Rührzeit und Temperatur; 
vii) Geschwindigkeit der Membranbildung (Lösungsmittel-Verdampfung); (viii) Dicke der 
Probe. 
Aus PEOS hergestelltes Silica verbesserte die Protonen-Mobilität innerhalb der Hybrid-
membran. Es wird vermutet, dass dieser Effekt auf folgenden Faktoren beruht: (i) Die 
Anwesenheit von Silanol-Gruppen, die die Wasserretention auf der Oberfläche der Silica-
Partikel unterstützen und so das Protonen „Hopping“ zwischen benachbarten Partikeln 
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erleichtern; (ii) die Reorganisation der hydrophob/hydrophilen Mikrostruktur des SPEEK 
während der Transformation des PEOS zu Silica. 
Die Protonen-Leitfähigkeit wurde durch die Zugabe kleiner Mengen an 
Phosphorwolframsäure, eine Heteropolysäure die eine hohe Leitfähigkeit bei Raumtemperatur 
aufweist, erhöht. 
Die Bildung ultrakleiner Morphologien wurde durch die Verwendung eines 
Verträglichkeitsvermittlers - N-(3-triethoxysilylpropyl)-4,5-dihydroimidazol) - erreicht, der 
die Phasenseparation zwischen SPEEK und PEOS reduziert, indem er über eine Säure-Base-
Reaktion an SPEEK und über eine Kondensationsreaktion an PEOS bindet.  
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Chapter 1 
A short introduction to  
organic-inorganic nanocomposites  
based on the sol-gel process,  
and to the content of this thesis 
 
 
1.1 Introduction 
Nature has the extraordinary capability of creating highly sophisticated materials where 
organic and inorganic components synergetically carry out multiple functions within a small 
volume1,2. The development of polymer chemistry and the growing popularity of soft 
inorganic chemistry processes ("chimie douce") such as the sol-gel process3,4,5,6,7,8,9,10,11,12,13 
provided the tools for material scientists to develop multifunctional synthetic organic-
inorganic materials inspired by nature. These materials are broadly defined hybrid 
                                                 
1
 Z. Ahmad and J. E. Mark; Biomimetric materials: recent developments in organic-inorganic hybrids, Mater. 
Sci. Eng., 1998, C-6, 183. 
2
 C. Sanchez, H. Arribart and M. M. Giraud Guille; Biomimetism and bioinspiration as tools for the design of 
innovative materials and systems, Nature Materials, 2005, 4,  
3
 R. K. Iler; The chemistry of silica, Wiley NY, 1979. 
4
 C. J. Brinker, K. D. Keefer, D. W. Schaefer and C. S. Ashley; Sol-gel transition in simple silicates, J. Non-
Cryst. Solids, 1982, 48, 47. 
5
 C. J. Brinker, K. D. Keefer, D. W. Schaefer, R. A. Assink, B. D. Kay and C. S. Ashley; Sol-gel transition in 
simple silicates.  II, J. Non-Cryst. Solids, 1984, 63, 45. 
6
 L. C. Klein; Sol-gel processing of silicates, Annu. Rev. Mater. Res., 1985, 15, 227. 
7
 C. J. Brinker; Hydrolysis and condensation of silicates:effects on structure, J. Non-Cryst. Solids, 1988, 100, 31. 
8
 L. L. Hench and J. K. West; The sol-gel process, Chem. Rev., 1990, 90, 33. 
9
 H. Schmidt; Inorganic-organic composites by sol-gel techniques, J. Sol-Gel Sci. Tech., 1994, 1, 217. 
10
 J. E. Mark; The sol-gel route to inorganic-organic composites, Heter. Chem. Rev., 1996, 3, 307. 
11
 R. J. P. Corriu; The control on nanostructured solids: a challenge for molecular chemistry, Eur. J. Inorg. 
Chem., 2001, 5, 1109. 
12
 B. L. Cushing, V. L. Kolesnichenko and C. J. O'Connor; Recent advances in the liquid-phase syntheses of 
inorganic nanoparticles, Chem. Rev., 2004, 104, 3893. 
13
 J. Wen and G. L. Wilkes; Organic/inorganic hybrid network materials by the sol-gel approach, Chem. Mater., 
1996, 8, 1667. 
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nanocomposites14,15.  They are characterized by nanoscale mixing of the two phases and they 
are designed to satisfy numerous and more and more demanding industrial applications. As 
for the natural products, also synthetic nanocomposites own their versatility to the synergism 
of properties of the components. Generally, the organic polymer contributes with its higher 
flexibility, versatility in design of functionalities, and film forming-properties. On the other 
hand, the inorganic component imparts high tensile strength16,17, thermal and mechanical 
stability, gas barrier properties18, just to mention some. The use of the sol-gel technique for 
the fabrication of the inorganic component presents several advantages among which the far 
lower processing temperature used for the preparation of typical inorganic ceramics (≥ 1200 
°C), the high homogeneity and purity of the resulting materials, and the possibility to be 
applied in various fabrication processes. Due to these advantages and to the enormous amount 
of potential combinations between the organic and the inorganic components, the sol-gel 
technology and the nanocomposite materials based on it find application in several fields, as 
recently thoroughly analyzed by Sanchez et al. in a review with more than 300 references19.  
Typically the sol-gel method implies the hydrolysis at low temperature of a metal- or a 
metalloid-alkoxide M(OR)n in organic solvents, with M = Si, Ti, Zr, Al, etc and OR = 
OCnH2n+1, followed by polycondensation and removal of the solvent, and formation of the 
corresponding metal-/metalloid-oxide. The sol-gel technique can be for example applied to 
coat materials with a protective layer of nanometric dimensions (nanocoating20) in order to 
increase thermal-, mechanical-, or chemical-stability, to enhance wear protection and 
                                                 
14
 B. M. Novak; Hybrid nanocomposite materials-Between inorganic glasses and organic polymers, Adv. 
Mater., 1993, 5, 422. 
15
 A. D. Pomogailo; Hybrid polymer-inorganic nanocomposites, Russ.Chem. Rev., 2000, 69, 60. 
16
 F. Mammeri, E. Le Bourhis, L. Rozes and C. Sanchez; Mechanical properties of hybrid organic-inorganic 
materials, J. Mater. Chem., 2005, 15, 3787. 
17
 Q. W. Yuan and J. E. Mark; Reinforcement of poly(dimethoxysiloxane) networks by blended and in-situ 
generated silica fillers having various sizes, size distributions, and modified surfaces, Macromol. Chem. Phys., 
1999, 200, 206. 
18
 R. Tamaki, Y. Chujo, K. Kuraoka and T. Yazawa; Application of organic-inorganic polymer hybrids as 
selective gas permeation membranes, J. Mater. Chem., 1999, 9, 1741. 
19
 C. Sanchez, B. Julián, P. Belleville and M. Popall; Applications of hybrid organic-inorganic nanocomposites, 
J. Mater. Chem., 2005, 15, 3559. 
20
 R. A. Caruso and M. Antonietti; Sol-gel nanocoating: an approach to the preparation of structured materials, 
Chem. Mater., 2001, 13, 3272. 
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durability, or to decrease friction. Sol-gel materials are also used in electrochemistry 
applications21, as modified electrodes, solid electrolytes, electrochromic devices, and 
corrosion protection coatings. The sol-gel technology can be then extended to the 
encapsulation of cells22 and functional biomolecules such as enzymes and antibodies within 
ceramic matrices, so that the structural integrity of the biomolecules is retained, together with 
their functions, like molecular recognition, catalysis, signal transduction and cell 
reproduction23. Via bioencapsulation, high-performance bioactive nanocomposites can be 
created for the realization of biosensor, bioreactors, and diagnostic devices24,23.  
Other chemical and physical properties that the introduction of an inorganic phase can impart 
to an organic polymer matrix are, for example, flame resistance25,26, high transparency27 and 
easy tuning of the refractive index28,29,30, good adhesion31,32,33, reduced viscosity34, solvent 
resistance35, and decorative properties36. Further on, hybrid nanocomposite materials are used 
                                                 
21
 O. Lev, Z. Wu, S. Bharathi, V. Glezer, A. Modestov, J. Gun, L. Rabinovich and S. Sampath; Sol-gel materials 
in electrochemistry, Chem. Mater., 1997, 9, 2354. 
22
 E. J. A. Pope, K. Braun and C. M. Peterson; Bioartificial organs I: Silica gel encapsulated pancreatic islets 
for the treatment of diabetes mellitus, J. Sol-Gel Sci. Tech., 1997, 8, 635. 
23
 I. Gill; Bio-doped nanocomposite polymers: sol-gel bioencapsulates, Chem. Mater., 2001, 13, 3404. 
24
 J. Livage, T. Coradin and C. Roux; Encapsulation of biomolecules in silica gels, J. Phys.: Condens. Matter, 
2001, 13, R673. 
25
 J. W. Gilman, C. L. Jackson, A. B. Morgan, R. Harris, Jr., E. Manias, E. P. Giannelis, M. Wuthenow, D. 
Hilton and S. H. Phillips; Flammability properties of polymer-layered silicate nanocomposites. Polypropylene 
and polystyrene nanocomposites, 2000, 12, 1866. 
26
 G. H. Hsiue, Y. L. Liu and H. H. Liao; Flame-retardant epoxy resins: an approach from organic-inorganic 
hybrid nanocomposites, J. Polym. Sci, Part A-1, 2001, 39, 986. 
27
 V. Khrenov, M. Klapper, M. Koch and K. Muellen; Surface functionalized ZnO particles designed for the use 
in transparent  nanocomposites, Macromol. Chem. Phys., 2005, 206, 95. 
28
 B. Wang, G. L. Wilkes, J. C. Hedrick, S. C. Liptak and J. E. McGrath; New high-refractive-index 
organic/inorganic hybrid materials from sol-gel processing, Macromolecules, 1991, 24, 3449. 
29
 L. L. Beecroft and C. K. Ober; Nanocomposite materials for optical applications, Chem. Mater., 1997, 9, 
1302. 
30
 W. Caseri; Nanocomposites of polymers and metals or semiconductors: historical background and optical 
properties, Macromol. Rapid Commun., 2000, 21, 705. 
31
 S. B. Lin; Addition-cured silicone adhesive technology: vinyl silicone crosslinker, J. Appl. Polym. Sci., 1994, 
54, 2135. 
32
 L. Mazzocchetti, M. Scandola, E. Amerio, G. Malucelli and C. Marano; Preparation and characterization of 
hybrid nanocomposites coated on LDPE, Macromol. Chem. Phys., 2006, 207, 2103. 
33
 M. Ochi, R. Takahashi and A. Terauchi; Phase structure and mechanical and adhesion properties of 
epoxy/silica hybrids, Polymer, 2001, 42, 5151. 
34
 M. E. Mackay, T. T. Dao, A. Tuteja, D. L. Ho, B. Van Horn, H.-C. Kim and C. J. Hawker; Nanoscale effects 
leading to non-Einstein-like decrease in viscosity, Nature Materials, 2003, 2, 762. 
35
 T. Ogoshi, H. Itoh, K.-M. Kim and Y. Chujo; Synthesis of organic-inorganic polymer hybrids having 
interpenetrating polymer network structure by formation of ruthenium-bipyridyl complex, Macromolecules, 
2002, 35, 334. 
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in the telecommunication industry for the preparation of devices having a non-linear optical 
response37,38,39, or in the medical sector as fillings for dental restoration40, bone replacement 
applications41,42,43 and contact lenses44,45. 
 
Polymer electrolyte membrane fuel cells (PEMFC, also acronym for "proton exchange 
membrane fuel cells") are a sector where the use of organic-inorganic nanocomposites is 
receiving growing attention46. Up to date, the well-established perfluorinated polymer 
electrolytes (such as Nafion®, Flemion®, and Aciplex® families) are the materials of choice in 
the construction of commercial membrane-electrode assemblies (MEA). Nevertheless, due to 
the high production costs of the perfluoro sulfonic acid-based (PFSA) ionomers and to the 
need to create membranes capable to withstand the desired fuel cell operation conditions47 
(i.e. temperature above 100°C), for almost two decades great effort has been devoted in the 
synthesis of new polymer electrolyte membranes for fuel cells. The main challenge of 
engineering new membranes is to create environmentally friendly, low cost materials showing 
high proton conductivity, high mechanical-, thermal-, and chemical-stability, low gas 
                                                                                                                                                        
36
 G. Schottner; Hybrid sol-gel derived polymers: applications of multifunctional materials, Chem. Mater., 2001, 
13, 3422. 
37
 J. D. Mackenzie; Nonlinear optical materials by the sol-gel method, J. Sol-Gel Sci. Tech., 1993, 1, 7. 
38
 P. Innocenzi and B. Lebeau; Organic-inorganic hybrid materials for non-linear optics, J. Mater. Chem., 2005, 
15, 3821. 
39
 P. N. Prasad, F. E. Karasz, Y. Pang and C. Wung; Third order non-linear optically active composites, method 
of making same and photonic media comprising same, US Patent 5130362, 1992. 
40
 Y. Wei, D. Jin, G. Wei, D. Yang and J. Xu; Novel organic-inorganic chemical hybrid fillers for dental 
composite materials, J. Appl. Polym. Sci., 1998, 70, 1689. 
41
 P. Calvert and S. Mann; Synthetic and biological composites formed by in situ precipitation, J. Mater. Sci., 
1988, 23, 3801. 
42
 S. Yamamoto, T. Miyamoto, T. Kokubo and T. Nakamura; Preparation of polymer-silicate hybrid materials 
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permeability, low water drag, low methanol cross-over (in direct methanol fuel cells) and fast 
kinetics for electrode reaction. Beside the development of non-fluorinated proton conductive 
materials48, the use of inorganic fillers within a polymer conductive matrix is considered49,50 a 
valid approach to create materials capable to satisfy the above-mentioned requirements, with 
special emphasis on maintaining high proton conductivity while lowering the fuel cross-
over51. Indeed, researchers have great expectations52 of hybrid membranes, where 
hygroscopic inorganic nanoparticles (metal or metalloid oxides such as SiO253,54,55,56,57, 
TiO258,59, ZrO260, and Al2O361) or hydrophilic solid state protonic conductors (zirconium 
phosphate49,62, heteropolyacids63) or non-aqueous, low volatility, proton carrier solvents 
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 J. Roziere and D. J. Jones; Non-fluorinated polymer materials for proton exchange membrane fuel cells, Annu. 
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(phosphoric acid64, imidazole65) are introduced in the organic matrix (typically sulfonated 
polymers) to improve the water retention properties above 100°C, or to attain proton 
conduction independent of water. 
As it is generally true for most industrial applications that make use of nanocomposite 
materials, also in the case of hybrid membranes for fuel cells the synthetic efforts should be 
addressed towards the preparation of materials with homogeneous dispersion of the inorganic 
phase through the organic matrix and high inorganic-organic interface area. Indeed the 
properties of the nanocomposites depend not only upon the characteristics of the single 
components, but also upon the final morphology that arises from the preparation of the 
materials and upon the nature of the interface between the organic and the inorganic phase – 
i.e. weak interactions through hydrogen bonding, van der Waals contacts or electrostatic 
forces (class I materials, as classified by Sanchez66), and strong interactions through 
ionic/covalent bond formation (class II materials). Compared to conventional blending of 
preformed filler particles, the in situ generation of inorganic particles within a polymeric 
matrix via the sol-gel technique helps preventing particles agglomeration, therefore reducing 
the size of the inorganic domains and the organic-inorganic phase separation67. The fine 
tuning of the morphology can be strategically achieved by choosing a specific synthetic path. 
Based on the preparation procedure Novak14, for example, proposed the following 
classification of hybrid nanocomposites: Type I- hydrolysis and condensation of the inorganic 
precursor occur in the presence of a preformed organic polymer; Type II- the sol-gel reaction 
is carried out in the presence of a preformed organic polymer with functionalities that allow 
the formation of covalent links between the two phases; Type III- the formation of the 
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 Q. Li, H. A. Hjuler and N. J. Bjerrum; Phosphoric acid doped polybenzimidazole membranes: physiochemical 
characterization and fuel cell applications, J. Appl. Electrochem., 2001, 31, 773. 
65
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proton conductor based on immobilized imidazole, Chem. Mater., 2004, 16, 329. 
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 P. Judeinstein and C. Sanchez; Hybrid organic-inorganic materials: a land of multidisciplinarity, J. Mater. 
Chem., 1996, 6, 511. 
67
 C. J. T. Landry, B. K. Coltrain, M. R. Landry, J. J. Fitzgerald and V. K. Long; Poly(vinyl acetate)/silica filled 
materials: material properties of in situ vs fumed silica particles, Macromolecules, 1993, 26, 3702. 
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inorganic phase occurs simultaneously with the polymerization of the organic component, in 
the so called simultaneous interpenetrating networks (SIPNs); Type IV and Type V: the 
nanocomposites are based on SIPNs where, respectively, covalent bonds between the two 
phases and "non-shrinking" inorganic precursors are introduced. Moreover it is worth 
mentioning that the growth of the inorganic phase can be directed by the intrinsic structure of 
a preformed polymeric material towards a specific geometrical distribution within the 
nanocomposite. This is for example the case of the preparation of silica-Nafion membranes 
for fuel cell application studied by Mauritz and coworkers53. The typical polar/nonpolar 
nanophase-separated morphology of a preformed Nafion membrane acts as a 3-dimensional 
interactive template where the sol-gel reaction of tetraethoxysilane (TEOS, Si(OC2H5)4) is 
initiated in the reactive polar clusters of the ionomer, resulting in a pre-defined distribution of 
the dry silicon oxide phase53.  
A high number of parameters play a role in the determination of the organic-inorganic phase 
separation in nanocomposite materials based on the sol-gel technology. It is therefore of 
paramount importance for material scientists to have strict control on the final morphology 
and on its correlation with other properties of the hybrid materials. Transmission electron 
microscopy (TEM), small-angle X-ray scattering (SAXS), and dynamic mechanical (DMA) 
measurements are considered valid analytical tools for the characterization of materials' 
morphology and the determination of the extent of organic-inorganic phase 
separation68,69,70,71,72.  
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 C. J. T. Landry and B. K. Coltrain; In situ polymerization of tetraethoxysilane in poly(methyl methacrylate): 
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69
 C. J. T. Landry, B. K. Coltrain, J. A. Wesson, N. Zumbulyadis and J. L. Lippert; In situ polymerization of 
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70
 C. L. Jackson, B. J. Bauer, A. I. Nakatani and J. D. Barnes; Synthesis of hybrid organic-inorganic materials 
from interpenetrating polymer network chemistry, Chem. Mater., 1996, 8, 727. 
71
 D. E. Rodrigues, B. G. Risch and G. L. Wilkes; Phase separation behavior of silicate phases grown in 
poly(methyl methacrylate) by a sol-gel process, Chem. Mater., 1997, 9, 2709. 
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 Q. W. Yuan and J. E. Mark; Reinforcement of poly(dimethoxysiloxane) networks by blended and in-situ 
generated silica fillers having various sizes, size distributions, and modified surfaces, Macromol. Chem. Phys., 
1999, 200, 206. 
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1.2 Content of this thesis 
This thesis deals with the preparation and characterization of nanocomposite membranes from 
solution, where the organic polymer phase is the sulfonated poly(ether ether ketone) (SPEEK) 
and the inorganic dispersed phase is made of silica nanoparticles obtained from the in situ 
"water free" sol-gel process of polyethoxysiloxane (PEOS), an hyperbranched polymer 
synthesized in our laboratories via a one pot synthesis reaction between TEOS and acetic 
anhydride73,74,75,76,77. The final morphology of the hybrid membranes is controlled by 
transmission electron microscopy. 
 
Chapter 2 presents a literature survey of the materials (SPEEK and PEOS) and methods (sol-
gel process and membrane formation) used in this thesis. The experimental procedures 
adopted and the results obtained in our laboratories are also illustrated. 
In Chapter 3 we introduce our strategy for the preparation of novel SPEEK-silica 
membranes. In order to obtain a composite membrane with nanoscopic phase morphology, we 
followed the hybrid semi-interpenetrating network concept. The phase structure is created 
during film formation as the liquid inorganic precursor crosslinks into a solid silica network 
within the organic matrix. As network former we choose the already polymerized liquid and 
soluble PEOS instead of the commonly used monomeric TEOS. PEOS offers several 
advantages compared to TEOS such as, among others, remarkable thermal stability, easy 
functionalization of its end-groups and less water molecules required for its conversion in 
silica.  
                                                 
73
 M. Jaumann, E. Rebrov, V. V. Kazakova, A. M. Muzafarov, W. A. Goedel and M. Möller; Hyperbranched 
polyalkoxysiloxanes via AB3-type monomers, Macromol. Chem. Phys., 2003, 204, 1014. 
74
 X. Zhu, M. Jaumann, K. Peter, M. Möller, C. Melian, A. Adams-Buda, D. E. Demco and B. Blümich; One-pot 
synthesis of hyperbranched polyethoxysiloxanes, Macromolecules, 2006, 39, 1701. 
75
 I. Colicchio, H. Keul, D. Sanders, U. Simon, T. E. Weirich and M. Moeller; Development of hybrid polymer 
electrolyte membranes based on the semi-interpenetrating network concept, Fuel Cells, 2006, 6, 225. 
76
 X. Zhu, K. Peter, M. Moeller, C. Melian, A. Adams-Buda and D. E. Demco; Hyperbranched 
polyalkoxysiloxane: a unique silica precursor for the preparation of nanocomposites, Polym. Prepr. (Am. Chem. 
Soc., Div. Polym. Chem.), 2006, 47, 1133. 
77
 S. Spiegelberg, A. Alteheld, X. Zhu and M. Moeller; Verfahren zur Herstellung von Verbundwerkstoffen, 
WO2007028563, 2007. 
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A possible application for the hybrid membranes (PEMFC) and some preliminary results are 
also presented.  
Chapter 4 presents a strategy to enhance the proton conductivity of the SPEEK-silica 
membranes. Phosphotungstic acid (PWA) is a heteropolyacid with high proton conductivity at 
room temperature. PWA is added to the SPEEK-PEOS solutions at two different stages of 
solutions preparation. PWA takes part to the conversion of PEOS in silica, thus influencing 
the final morphology and consequently the proton mobility. Once the membrane is formed the 
PWA is trapped within the solid silica particles, thus it can increase the conductivity of the 
hybrid membranes without leaching out during fuel cell operation. The hybrid membranes are 
characterized by TEM, proton conductivity and polarization measurements. The optimum 
doping level and preparation procedure are established.  
Chapter 5 describes how the morphology of the SPEEK-silica membranes could be 
significantly improved by the introduction of a compatibilizing agent. We used the liquid N-
(3-triethoxysilylpropyl)-4,5-dihydroimidazole (hereafter “dh-IMI”), introduced at two 
different stages of solutions preparation. The dihydroimidazole moieties of dh-IMI react via 
acid-base interactions with the sulfonic acid groups of SPEEK, while the triethoxysilylpropyl 
groups condense with the end groups of PEOS. Since SPEEK and PEOS are bridged together 
through dh-IMI, the miscibility gap between the two polymers is reduced and the organic-
inorganic phase separation upon solvent evaporation is retarded. Once the membrane is 
formed, a finer dispersion of the inorganic filler within the organic matrix is achieved.  
Chapter 6 is a systematic study, performed by TEM measurements, of the parameters that 
influence the final morphology of the nanocomposite membranes. The concentration and 
viscosity of the starting solutions, the stirring time and temperature of the starting solutions, 
the addition of water to the SPEEK-PEOS solution, the speed of solvent evaporation, the film 
thickness, are some of the key parameters that help control the phase separation.  
10 
 
Chapter 7 discusses the morphology, analyzed via TEM, and the proton mobility of the 
hybrid membranes prepared from SPEEK-PEOS solutions as a function of increasing silica 
content. The water self-diffusion is measured by 1H solid-state NMR and electrochemical 
impedance spectroscopy. Despite the fact that silica is a non-conductive material, the 
conductivity of the composite membranes is improved compared to the pure ionomer. 
Speculatively, this is attributed to two main factors: (i) the transformation of the hydrophobic 
liquid PEOS in the hydrophilic solid silica promotes the re-arrangement of the hydrophobic-
hydrophilic microstructure of SPEEK, thus offering new paths for proton transport; (ii) the 
presence of silanol groups on the surface of the silica particles helps water retention and 
facilitates proton hopping. 
Chapter 8 illustrates the use of 1H solid state NMR measurements under magic angle sample 
spinning (MAS) to evaluate the enthalpy of activation for the proton exchange processes in 
fully hydrated hybrid SPEEK-silica membranes. For the first time the Eyring function is used 
to describe the behavior of the proton exchange as a function of the temperature. Two 
exchange processes between different water pools are detected. The isotropic chemical shift 
of the 1H spectrum allows obtaining information about the normalized enthalpy of activation 
that characterizes the water exchange. The proton exchange within the membranes could be 
improved by addition of small amounts of silica (5-10 wt%). 
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Chapter 2 
Sulfonated poly(ether ether ketone), 
polyethoxysiloxane and the sol-gel process, and 
membranes formation: state of art and methods  
 
 
2.1 Introduction 
This thesis deals with organic-inorganic membranes prepared from solutions of a solid 
organic polymer electrolyte, the sulfonated poly(ether ether ketone) (SPEEK), and a liquid 
hyperbranched inorganic polymer, the polyethoxysiloxane (PEOS) that is used as silica 
precursor. The transformation of PEOS into silica occurs in situ via the sol-gel process of 
PEOS during membrane formation. Since SPEEK, PEOS, membranes and their formation, 
and the creation of silica within the membranes are the foundations of this thesis, in the 
present Chapter we present a panoramic of the literature regarding these topics. Being proton 
exchange membrane fuel cells (PEMFC) the application that motivated most of our 
investigation, part of the references used in this Chapter is retrieved from research studies in 
this field. The experimental procedures that we followed to prepare the materials used through 
this thesis and the results obtained in our laboratories are also described. With these pages the 
interested reader has a tool to follow our footsteps in the preparation of the hybrid SPEEK-
silica membranes, and move from there towards the search of new experiments and 
applications.  
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2.2 Poly(ether ether ketone) and its sulfonation 
Poly(ether ether ketone) (PEEK)1 is a linear aromatic semi-crystalline polymer based on the 
repeat unit oxy-1,4-phenylene-oxy-1,4-phenylene-carbonyl-1,4-phenylene (Scheme 2.1).   
 
 
 
PEEK belongs to the family of poly(aryl ether ketone)s, a group of high performance 
engineering thermoplastics that was introduced in the 1960s2,3,4. PEEK was developed and 
marketed in the late 1970s, and nowadays it is worldwide distributed predominantly (95 %) 
by Victrex®, a former part of ICI. PEEK does not only possess exceptional properties such as 
resistance to chemicals and corrosive environments even at elevated temperatures, capability 
of withstanding extreme pressures and continuous temperatures of up to 260 °C, tribological, 
electrical, hydrolysis and dimensional stability, superior lubricity and abrasion resistance, but 
also numerous processing capabilities, mainly injection molding and extrusions, but also 
compression molding, mono/multifilament and fiber production, blow molding, 
compounding, foaming and solution membrane casting1. The combination of these aspects 
determined the success of PEEK in a great variety of industrial applications, where it even 
replaced metals - stainless-steel, titanium, aluminum - or other materials such as nylon or 
glass. Some sectors and applications where PEEK-based components are used are: 
semiconductors, automotive, defense, medical devices, compressors, machines for oil and gas 
recovery, mobile phones, as well as equipments for food and beverage processing1.  
                                                 
1
 www.victrex.com. 
2
 W. H. Bonner; Aromatic polyketones and preparation thereof, US Patent 3 065 205, 1962. 
3
 R. L. Thornton; Boron trifluoride-hydrogen fluoride catalyzed synthesis of poly(aromatic sulfone) and 
poly(aromatic ketone) polymers, US Patent US3442857, 1969. 
4
 Y. Iwakura, K. Uno and T. Takiguchi; Syntheses of aromatic polyketones and aromatic polyamide, J. Polym. 
Sci, Part A-1, 1968, 6, 3345. 
OO
O
Scheme 2.1 Repeat unit of PEEK. 
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Given the above mentioned outstanding properties of PEEK, it is of interest to modify its 
backbone to prepare tailor made polymers that, while retaining some of the typical properties 
of PEEK, exhibit new ones, thus opening new possibilities for processability and applications.  
This is what happens, for example, when PEEK is modified via substitution (for example 
sulfonation) and the corresponding sulfonated poly(ether ether ketone), SPEEK, is obtained. 
Via this process, the crystallinity of PEEK is reduced, while its solubility in some organic 
solvents or even in water, depending on the degree of functionalization, is promoted. With the 
addition of the sulfonic acid groups, PEEK is transformed in a hydrophilic charged polymer, 
the solid polyelectrolyte SPEEK. With these newly acquired characteristics, the sulfonated 
PEEK has been used in the preparation of: ion-permeable membranes with selective transport 
of cations5; ultrafiltration/nanofiltration membranes6,7,8,9,10, where charged hydrophilic high 
performance polymers are needed to avoid fouling effects while working in harsh conditions; 
gas-liquid membrane contactor systems11 for the separation of olefins and paraffins; 
pervaporation membranes12; transparent thermoplastic matrix hosts for basic second-order 
NLO (nonlinear optical) chromophores13; electrochemical applications such as sensors14,15,16 
                                                 
5
 F. G. Wilhelm, I. G. M. Pünt, N. F. A. van der Vegt, H. Strathmann and M. Wesseling; Cation permeable 
membranes from blends of sulfonated poly(ether ether ketone) and poly(ether sulfone), J. Membr. Sci., 2002, 
199, 167. 
6
 M. J. Peer; Membranes, UK Patent GB 2216134A, 1989. 
7
 R. W. Bowen, T. A. Doneva and H. Yin; The effect of sulfonated poly(ether ether ketone) additives on 
membrane formation and performance, Desalination, 2002, 145, 39. 
8
 R. W. Bowen, T. A. Doneva and H. B. Yin; Separation of humic acid from a model surface water with 
PSU/SPEEK blend UF/NF membranes, J. Membr. Sci., 2002, 206, 417. 
9
 N. Jaya, G. Arthanareeswaran, D. Mohan, M. Raajenthiren and P. Thanikaivelan; Studies on permeation, 
rejection, and transport of aqueous poly(ethylene glycol) solutions using ultrafiltration membranes, Sep. Sci. 
Technol., 2007, 42, 963. 
10
 G. Arthanareeswaran, D. Mohan and M. Raajenthiren; Preparation and performance of polysulfone-sulfonated 
poly(ether ether ketone) blend ultrafiltration membranes. Part I., Appl. Surf. Sci., 2007, 253, 8705. 
11
 K. Nymeijer, T. Visser, R. Assen and M. Wesseling; Super selective membranes in gas-liquid membrane 
contactors for olefin/paraffin separation, J. Membr. Sci., 2004, 232, 107. 
12
 P. Gómez, M. C. Daviou, R. Ibánez, A. M. Eliceche and I. Ortiz; Comparative behaviour of hydrophilic 
membranes in the pervaporative dehydration of cyclohexane, J. Membr. Sci., 2006, 279, 635. 
13
 N. Venkatasubramanian, D. R. Dean, G. E. Price and F. E. Arnold; Synthesis, properties and potential 
applications of sulpho-pendent poly(arylene ether ketone)s, High Perform. Polym., 1997, 9, 291. 
14
 D. N. Muraviev, J. Macanas, M. J. Esplandiu, M. Farre, M. Munoz and S. Alegret; Simple route for 
intermatrix synthesis of polymer stabilized core-shell metal nanoparticles for sensor applications, Phys. Status 
Solidi A: At., Mol., Opt. Phys., 2007, 204, 1686. 
15
 J. Macanas, J. Parrondo, M. Munoz, S. Alegret, F. Mijangos and D. N. Muraviev; Preparation and 
characterisation of metal-polymer nanocomposite membranes for electrochemical applications, Phys. Status 
Solidi A: At., Mol., Opt. Phys., 2007, 204, 1699. 
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and double layer capacitors17 (supercapactitors18), where liquid electrolytes (acid or bases or 
salts dissolved in organic solvent or aqueous solutions) are being replaced by a solid 
polymeric electrolyte.  
Undoubtedly the application for which SPEEK aroused the biggest interest in the past decade 
is the preparation of membranes for solid electrolyte fuel cells19,20,21,22,23,24,25. These devices, 
in which energy is generated from an electrochemical reaction between a fuel (hydrogen or 
aqueous solutions of methanol) and an oxidant (oxygen/air), are based on a proton conductive 
polymeric membrane. The membrane has manifold functions, i.e. it separates the electrodes, it 
avoids the contact between the reactants, it transports the protons from one electrode to the 
other, and it acts as electronic insulator. There are polymeric membranes for fuel cells already 
available on the market, mainly perfluoro sulfonic acid-based membranes such as Nafion 
(DuPont), Aciplex-F (Asahi Casei), or Gore-select (Gore), Nafion being the benchmark for 
industrial and academic research (see chemical structure in Figure 2.1). 
One of the major drawbacks which are preventing the mass production of devices based on 
the commercialized perfluorinated materials is their high production costs. Therefore, cheaper 
membranes based on sulfonated poly(ether ether ketone), or more in general on sulfonated 
                                                                                                                                                        
16
 A. Gonzalez-Bellavista, J. Macanas, M. Munoz and E. Fabregas; Sulfonated poly(ether ether ketone), an ion 
conducting polymer, as alternative polymeric membrane for the construction of anion-selective electrodes, Sens. 
Actuators, B, 2007, B125, 100. 
17
 D.-W. Kim, J. M. Ko, W. J. Kim and J. H. Kim; Study on the electrochemical characteristic of quasi-solid-
state electric double layer capacitors assembled with sulfonated poly(ether ether ketone), J. Power Sources, 
2006, 163, 300. 
18
 P. Sivaraman, V. R. Hande, V. S. Mishra, C. Srinivasa Rao and A. B. Samuni; All-solid supercapacitor based 
polyaniline and sulfonated poly(ether ether ketone), J. Power Sources, 2003, 124, 351. 
19
 O. Savadogo; Emerging membranes for electrochemical systems Part II. High temperature composite 
membranes for polymer electrolytes fuel cell (PEFC) applications, J. Power Sources, 2004, 127, 135. 
20
 J. Roziere and D. J. Jones; Non-fluorinated polymer materials for proton exchange membrane fuel cells, Annu. 
Rev. Mater. Res., 2003, 33, 503. 
21
 Q. Li, R. He, J. O. Jensen and N. J. Bjerrum; Approaches and recent development of polymer electrolyte 
membranes for fuel cells operating above 100°C, Chem. Mater., 2003, 15, 4896. 
22
 M. A. Hickner, H. Ghassemi, Y. S. Kim, B. R. Einsla and J. E. McGrath; Alternative polymer systems for 
proton exchange membranes (PEMs), Chem. Rev., 2004, 104, 4587. 
23
 M. A. Hickner and B. S. Pivovar; The chemical and structural nature of proton exchange membrane fuel cell 
properties, Fuel Cells, 2004, 5, 213. 
24
 W. H. J. Hogarth, J. C. Diniz da Costa and G. Q. M. Lu; Solid acid membranes for high temperature (>140 
°C) proton exchange membrane fuel cells, J. Power Sources, 2005, 142, 223. 
25
 B. Smitha, S. Sridhar and A. A. Khan; Solid polymer electrolyte membranes for fuel cell applications--a 
review, J. Membr. Sci., 2005, 259, 10. 
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poly(aryl ether ketone)s, are being investigated as alternative to the perfluoro sulfonic acid-
based membranes. At the root of this choice are generic similarities between the 
macromolecular structures: both kinds of polymeric chains are characterized by a 
hydrophobic backbone, which accounts for oxidation-, hydrolysis-, hydrothermal-, and 
mechanical-stability, and hydrophilic functional groups (the sulfonic acid groups) that 
aggregate in ionic clusters through which, when the membranes are in the hydrated state, the 
proton transport occurs. However, the SPEEK-like polymers compared to Nafion-like 
polymers have a less hydrophobic and stiffer (less flexible) backbone and their functional 
groups, that are directly attached to the backbone instead of a flexible side chain, are less 
acidic and less polar, thus resulting in a different microstructure and overall fuel cells 
performances than Nafion. In a recent paper26 Kreuer proposed a description of these 
microstructures, based on small angle X-ray scattering (SAXS) experiments27. Their 
schematic representation is shown in Figure 2.1 (taken from Ref. 26). In both cases, 
hydrophobic/hydrophilic phase separation occurs. In the sulfonated polyetherketone-based 
materials this phase separation is less pronounced, resulting in narrower, less separated, 
highly branched and less interconnected hydrophilic channels running through hydrophobic 
domains26. In the polyaromatic polymers the water is stronger confined in the hydrophilic 
channels thus leading to a lower dielectric constant for the water of hydration and therefore to 
a decreasing dielectric screening of the anionic counter charge. This effect, together with the 
lower degree of dissociation of the less acidic functional groups and the larger average 
separation of neighboring sulfonic acid functions, provoke lower proton conductivity at low 
hydration levels and stronger dependence of the proton conductivity on water contents for 
sulfonated poly(aryl ether ketone)-type polymers than for Nafion. 
                                                 
26
 K. D. Kreuer; On the development of proton conducting polymer membranes for hydrogen and methanol fuel 
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Figure 2.1 Schematic representation of the microstructures of Nafion and sulfonated 
polyetherketone in the hydrated state (derived from SAXS experiments27), as given in Ref. 26. 
 
However, the microstructure of the polyaromatic polymers is also responsible for a reduced 
electroosmotic drag coefficient during fuel cell operation, i.e. the number of solvent 
molecules (water or methanol) moving with each proton through the membrane in the absence 
of concentration gradients28. The decreased water drift from anode to cathode helps a better 
water management during fuel cell operation, thus providing higher efficiency. Moreover, 
since the methanol permeability is also reduced compared to Nafion, the polyaromatic-type 
membranes are considered an attractive alternative to the perfluorinated-type in application 
                                                 
28
 D. Weng, J. S. Wainright, U. Landau and R. F. Savinell; Electro-osmotic drag coefficient of water and 
methanol in polymer electrolytes at elevated temperatures, J. Electrochem. Soc., 1996, 143, 1260. 
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such as direct methanol fuel cells29,30,31,32,33 (DMFC), where methanol is used as a fuel. The 
microstructure of the polymeric membrane used in a solid electrolyte fuel cell has therefore a 
big influence on the performance of such devices and it is the focus of researcher to prepare 
tailor made materials with the ability to meet specific requirements.  
The microstructure of the membrane can be modified, for example, by blending with organic 
polymers34,35,36 or by growing inorganic particles or networks in situ in a polymeric solution37, 
so that the microstructure of the membrane evolves at the same time as the inorganic and/or 
organic components precipitate. The in situ generation of an inorganic phase concomitantly to 
the formation of SPEEK-based membranes is treated in Chapters 6 and 7 of this thesis. 
However, the hydrophobic/hydrophilic phase separation in sulfonated poly(aryl ether ketone) 
membranes can be manipulated as well by using polymers where the amount and the 
distribution of the acidic functionalities along the hydrophobic backbone are controlled. 
Indeed the sulfonic acid functional groups at the poly(aryl-ether-ketone) backbone can be 
obtained either by polymer analogues reaction (post-sulfonation of the parent polymer), or by 
direct copolymerization of sulfonated monomers38,39,40,41,42,43. While the first approach results 
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in a sulfonated polymer with randomly distributed functionalities, the second route can 
provide well defined sulfonated polymer structures. However, by post-sulfonation the parent 
polymer is commercially available and the relatively simple modification procedure enables 
the process to be readily scaled up. On the other hand following the sulfonated monomers 
approach, difficulties could be encountered in the commercial availability and preparation of 
the sulfonated monomers. Since the focus of this thesis was the in situ generation of silica 
particles from polyethoxysiloxane (PEOS) in a SPEEK matrix, the influence on the final 
morphology and the proton conductivity of composite SPEEK-based membranes, the 
sulfonated poly(ether ether ketone) was prepared via the simpler post-sulfonation of PEEK. 
The interested reader is referred to the above indicated references (and the references therein) 
for more details about copolymerization of sulfonated monomers for the preparation of 
sulfonated poly(aryl ether ketone)s. 
 
The random sulfonation of the poly(ether ether ketone) chains is achieved by reaction of 
PEEK in chlorosulfonic acid, concentrated sulfuric acid (95-98 %), smoking sulfuric acid 
(oleum) or their mixtures44,45,46,47,48,49,50,51,52,53,54. These strong acids have the double function 
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of dissolving the PEEK and sulfonate it. The reaction scheme of the sulfonation of PEEK is 
given below. 
OO
O
OO
Oconc. H2SO4
SO3H
 
Scheme 2.2 Sulfonation of poly(ether ether ketone).  
 
The sulfonation is a process that depends on time, temperature and acid concentration45. In 
order to obtain a random sulfonated polymer, the sulfonation should occur on the 
homogeneously dissolved polymer, whereas short dissolution times at room temperature in 
concentrated sulfuric acid have to be preferred. Moreover, homogeneous dissolution is easier 
achieved when PEEK in powder form is used instead of granules, where the surface dissolves 
before the bulk. Sulfonation is an electrophilic reaction and its effectiveness depends on the 
substituent present on the aromatic rings: electron-donor substituents favor the reaction, 
whereas the electron-acceptor substituents do not. Thus the sulfonation of PEEK (the 
electrophilic aromatic substitution) proceeds under relatively mild condition at one of the four 
equivalent hydrogen atoms of the aromatic ring flanked by the two ether bridges (the 
hydroquinone unit). The use of 95-98 % sulfuric acid as reacting agent should be preferred to 
chlorosulfonic acid and 100 % sulfuric acid since these latter reagents are believed not only to 
induce chain degradation, but also crosslinking between polymeric chains45,46. Crosslinking 
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would be due to the condensation of -SO3H groups and the subsequent formation of intra- and 
inter-molecular pyrosulfate bridges. However the formation of this pyrosulfate intermediate is 
prevented by the presence of small amounts of water45,46.  
The sulfonation in concentrated sulfuric acid can be accelerated by increasing the temperature 
or by adding small quantities of oleum. The desired degree of substitution (or degree of 
sulfonation, DS) is achieved by stopping the reaction at a defined time, via precipitation of the 
solution in ice/water. The DS, defined as the number of sulfonic acid groups per repeating 
unit, can be determined for example by titration, keeping the SPEEK in aqueous NaOH for 
one day and then back titrating the solution with HCl using phenolphthalein as an indicator52, 
or by solution 1H NMR spectroscopy, as explained below.  
In the next paragraph we describe two procedures adopted to prepare the sulfonated 
poly(ether ether ketone) typically used for this thesis (DS =  64 %).  
2.2.1 Experimental section  
Materials 
Polyetheretherketone (PEEK) Victrex 450 PF powder form (particle size less than 106 µm) 
was kindly provided by Victrex and was dried in vacuum at 60 °C over P2O5 overnight before 
use. Sulfuric acid 95-97 wt% (pro analysis) and smoking sulfuric acid 65-67 wt% (puriss.) 
were purchased from Merck and were used as received.  
 
Procedure 1: Dissolution of PEEK in concentrated sulfuric acid and sulfonation via 
addition of oleum 
Poly(ether ether ketone) was sulfonated according to the procedure described by Helmer-
Metzmann48. The reaction is carried out into a perfectly dry 500 mL three-neck double-wall 
reactor (Normag) fitted with a KPG mechanical stirrer and solution outlet. Sulfuric acid of 
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96.6 wt% (as declared by the Merck Certificate of Analysis) (274 g) and dried PEEK (20 g) 
are introduced, under stream of dry nitrogen, into the reactor and vigorously stirred at 25 °C. 
The complete dissolution of PEEK into H2SO4 takes place within 1 h. Afterwards the 
temperature is increased up to 47 °C. The acid concentration is then adjusted to 98.5 wt% by 
titration with oleum (34 g; 66.9 wt% as declared by Merck Certificate of Analysis). During 
the sulfonation process, the colour of the solution changes from brown to orange. The reaction 
is stopped after 110 min by carefully dropping the solution into vigorously stirred ice-water 
(the time between the introduction of oleum and the precipitation into water is considered the 
sulfonation time). Demineralised water is used for precipitation and washing of the polymer. 
The polymer is repeatedly washed until the pH of the washing solution is neutral for at least 
one day. The polymer is dried first at room temperature followed by drying in vacuum at 50 
°C for 48 hrs. The obtained sulfonated polymer shows a distinct yellow coloration.  
 
Procedure 2: Dissolution and sulfonation of PEEK in concentrated sulfuric acid  
The reaction is carried out into a perfectly dry 500 mL three-neck double-wall reactor 
(Normag) fitted with a KPG mechanical stirrer and solution outlet. Sulfuric acid (95-97 wt%) 
(300 mL) and dried PEEK (15 g) are introduced, under stream of dry nitrogen, into the reactor 
and vigorously stirred at 25 °C. The complete dissolution of PEEK into H2SO4 takes place 
within 1 hr. Afterwards the temperature is increased up to 50 °C. Once this temperature is 
achieved, the solution is stirred for 5 ½ hours (the sulfonation time). The precipitation and the 
drying of the obtained SPEEK are performed as described in procedure 1.  
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NMR spectroscopy 
1H NMR and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer 
at 300 MHz and 75 MHz, respectively. Deutereted dimethylsulfoxide (DMSO-d6) was used as 
solvent and tetramethylsilane (TMS) served as internal standard. 
 
2.2.2 Results 
The degree of sulfonation is quantitatively determined by 1H NMR via integration of distinct 
aromatic signals as described by Zaidi et al. in Ref. 52. A typical example of a 1H NMR 
spectrum of SPEEK is given in Figure 2.2 (DS = 64 %).  
 
ppm 7.007.107.207.307.407.507.607.707.807.90
OO
O
SO3H
H1 H2
H3 H5H4
H5H4 H5' H4'
H5' H4'
H3
 
Figure 2.2 1H NMR spectrum of SPEEK (DS = 64%) in DMSO-d6. The distinct peak of the 
proton adjacent to the sulfonic acid group (H3) is highlighted (δ = 7.52 ppm).  
 
The presence of a sulfonic acid group on the hydroquinone ring causes a significant down-
field shift (0.25 ppm) of the hydrogen next to the SO3H group, H3 at δ = 7.52 ppm in Figure 
2.2, compared to the other two, H1 and H2, which appear as a characteristic singlet at δ = 7.27 
ppm. Therefore the intensity of the distinct H3 signal can be used to estimate the concentration 
of SO3H groups, i.e. the degree of sulfonation. The relation that is used to calculate the degree 
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of sulfonation is: 
'5,5,'4,4,2,1
3
H
H
AΣ
A
)n12(
n
=
−
where n is the number of H3 per repeating unit, AH3 is 
the peak area of H3, and AH1,2,4,4',5,5' is the area of the signals corresponding to all other 
aromatic protons. Finally the degree of sulfonation is given as: DS = n × 100 %. 
Both sulfonation methods described above allow the preparation of SPEEK at different degree 
of sulfonation by tuning the temperature and duration of the sulfonation process, whereas 
higher temperatures and longer reaction times are expected to lead to polymer with higher 
degree of sulfonation. For both methods this expectation was fulfilled. Figure 2.3 depicts the 
results obtained from sulfonation at 32 °C and at 47 °C following procedure 1, together with 
literature data48 for reactions performed between 45 and 50 °C. The reproducibility of the 
sulfonation procedure is demonstrated by the consistency of the data. Figure 2.4 shows the 
results of the sulfonation of PEEK via procedure 2 at 50 and 40 °C. For this latter temperature 
only two data points are available due to the insolubility in DMSO-d6 of the polymers 
obtained at shorter reaction times.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3 Degree of sulfonation as a function of the reaction time for PEEK sulfonated at 
two different temperatures, 32 and 47 °C, in concentrated sulfuric acid (95- 97 %) and in the 
presence of oleum (procedure 1). The results reported in the patent of Helmer-Metzmann 
(sulfonation temperature = 45-50 °C, Ref. 48) are given for comparison. 
48 
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Within this paragraph we focused our attention on the preparation of SPEEK at 64 % degree 
of sulfonation. Indeed this polymer is easily soluble at room temperature in dipolar aprotic 
organic solvents such as dimethylacetamide (DMAc), dimethylformamide (DMF), and N-
methylpyrrolidone (NMP) without being soluble in water. Moreover the membranes created 
from the SPEEK with such degree of sulfonation posses a relatively high amount of 
protogenic sources necessary to work efficiently in a fuel cell.  
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Degree of sulfonation as a function of the reaction time for PEEK sulfonated at two 
different temperatures, 40 and 50 °C, in concentrated sulfuric acid (95-97 %, procedure 2). 
25 
 
2.3 The formation of silica: the sol-gel process and polyethoxysiloxane  
The sol-gel process55,56 is a well developed synthetic technology that, originally used for the 
preparation at relatively low temperatures of inorganic materials such as glasses and 
ceramics57, has been employed for more than two decades for the preparation of 
nanocomposites58,59,60, i.e. composite materials consisting of an organic phase (polymer) and a 
homogeneously dispersed ultrafine mineral phase (metal particles, metalloids and their 
oxides) with nanometric size. This process owns its name to the fact that solid particles, with 
diameters of 1-100 nm (colloids), are dispersed into a liquid to form the "sol" and then 
condense to become a three-dimensional network, the "gel". The transformation of a sol into a 
gel generally occurs through the hydrolysis and subsequent polycondensation of 
organometallic precursors such as low molecular weight alkoxides M(OR)n, being M a 
network forming element like Si, Ti, Zr, Zn, Al, Sn, Ce, Mo, W, etc., and R an alkyl or aryl 
group58 (other approaches to make powders, fibers or even monoliths via the sol-gel method 
are described for example in Ref. 55). In the case of silicon-based species, which are the ones 
dealt within this thesis, the first steps of the sol-gel process are generally described by the 
reactions given in Scheme 2.361. Once hydrolysis is initiated (reaction 1), the process 
proceeds via continuous and simultaneous condensation, hydrolysis and alcoholysis reactions 
(reactions 2 and 3), during which low molecular weight by-products such as water and alcohol 
are generated.  
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Scheme 2.3 Hydrolysis and condensation (and reverse reactions) of silicon alkoxide species 
during the first steps of the sol-gel process61. 
 
With time the colloidal particles and the condensed silica species link together to become a 
three dimensional network, accompanied by a sharp increase of the viscosity of the solution 
(gelation). The gel is strengthened in the so called aging step (or syneresis), during which the 
polycondensation reactions continue. Subsequently the liquid by-products are removed from 
the network during the drying step. Other two steps complete the sol-gel process: the 
dehydration upon which the reactive surface silanol (Si-OH) bonds are removed and a 
chemically stable ultraporous solid is obtained, and, when desired, the densification, which 
implies the elimination of the pores at high temperature and the formation of a dense fused 
quartz-like material. The aging, drying, dehydration, and densification procedures depend on 
the structure that the gel has at the time of gelation. Such structure is influenced by many 
parameters, like temperature, nature of the solvent, type of alkoxide precursor, and, when a 
catalyst is use, its nature and concentration. Indeed, due to the lower reactivity of the silicon 
atom compared to other metals (e.g. titanium or zirconium), the sol-gel process of silicon-
based alkoxides typically occurs in the presence of a catalyst. For example, in the case of the 
most commonly used silica precursor, i.e. tetraethyl orthosilicate62 (TEOS, also named 
tetraethoxysilane), Si(OC2H5)4, it has been widely shown how the structure of the gel network 
                                                 
62
 R. K. Iler; The chemistry of silica, Wiley NY, 1979. 
27 
 
can be tailored using an acid or a base as catalyst63,64,65. Under acidic conditions, for each unit, 
the hydrolysis of the first substituent makes the subsequent hydrolysis of the other substituent 
more difficult and the hydrolysis proceeds faster than condensation, thus promoting the 
development of more linear polymers in the initial stages. During aging, branching and cross-
linking of the chains occur. On the other hand, upon basic catalysis the subsequent hydrolysis 
on the same unit becomes easier and the condensation rate is higher, thus favoring the 
formation of dense clusters, that eventually crosslink. A possible schematic representation of 
the development of particle morphology during the sol-gel process at different pH was 
proposed, for example, by Gallagher and co-workers66 and it is here reported in Scheme 2.4.  
 
Scheme 2.4 Schematic representation of the development of particles morphology during the 
sol gel-process as a function of pH. (As proposed by Gallagher66. See also Ref. 67). 
 
 
The silica particles generated via the sol-gel process of TEOS can be used for the fabrication 
of nanocomposite materials. A recent exhaustive review with more than 300 references has 
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summarized the general chemical pathways to prepare hybrid materials and has collected 
examples of “commercial” as well as “potentially commercial” functional hybrids68. The 
focus of academic and industrial researcher is on the strategic design used to create functional 
hybrids, on the nature of the interface between organic and inorganic components (weak or 
strong bond) and on the type of application. 
Polymer electrolyte membrane fuel cells (PEMFC), the potential application that has inspired 
this thesis, is a sector where the use of inorganic-organic nanocomposite is receiving growing 
attention19,21,37. Indeed researchers have great expectations69,70 of hybrid membranes since the 
use of inorganic filler within a polymer conductive matrix is considered a valid approach to 
create low cost materials for fuel cells that show high proton conductivity, high mechanical-, 
thermal-, and chemical-stability, low gas permeability, low reactant cross-over and fast 
kinetics for electrode reaction.  
The inorganic-organic nanocomposite membranes can be prepared70 by bulk mixing of 
inorganic and organic components or by in situ formation of the inorganic component into the 
organic matrix. In all cases, the inorganic component can be obtained through the sol-gel 
process. The first approach consists of the straightforward mixing of the powder-form 
inorganic component in a polymer solution. This method is expected to lead to heterogeneity 
both of the size of the particle agglomerates and of their dispersion through the organic 
matrix. On the other hand, the in situ formation of the inorganic filler can be achieved in two 
ways: (i) an alkoxide precursor is impregnated/permeated in a pre-formed polymer 
membrane, followed by precipitation, aging and drying; (ii) an alkoxide precursor is added to 
a polymer solution, and hydrolysis and condensation are induced by the addition of water and 
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catalyst. The in situ precipitation of the filler in the polymer results in a more homogeneous 
material70.  
The in situ sol-gel transformation of TEOS in silica is a widely applied method in the 
preparation of hybrid polymer electrolyte membranes71. When perfluorosulfonated ionomers 
(PFSI) such as Nafion are used as organic matrix, it is believed72 that the "PFSI presents a 3-
dimensional interactive template in which the reactants are confined to cluster domains 
wherein the sol-gel reaction is initiated and catalyzed via fixed –SO3H groups, and that the 
PFSI directs the nanoscale morphology of the resultant dry, silicon oxide phase". When silica 
is present, water molecules are bound to surface Si-OH groups (physisorbed water) and start 
to be driven off (dehydration and condensation of surface silanol groups) only at about 
170°C55,73 (the dehydration process is completely reversible up to about 400°C55). The 
presence of silica in Nafion enhances the water retention while lowering the methanol uptake 
compared to the pure Nafion73. 
Moving from the success met by TEOS in the preparation of nanocomposite membranes for 
fuel cells, in this study we present a new approach74 to create SPEEK-silica membranes via 
the sol-gel process of a silica precursor. Indeed, instead of the monomeric and volatile TEOS, 
we used an already polymerized liquid pre-polymer, the hyperbranched polyalkoxysiloxane75 
with ethoxy end-groups (therefore called polyethoxysiloxane, PEOS) synthesized in our 
laboratories via the one-pot reaction of TEOS with acetic anhydride76. In the next paragraph, a 
short description of polyethoxysiloxane and its synthesis is given.  
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2.3.1 Hyperbranched polyethoxysiloxane (PEOS)  
Polyethoxysiloxanes, also named ethylsilicates or condensed ethylsilicates, are silica 
precursor polymers with ethoxy end-groups that find application in the preparation of packing 
materials for liquid chromatography77, fibers78 and beads79, as transparency enhancers in glass 
windows, as base of antifouling coatings for ceramics80, as crosslinkers in polymer 
composites, and in the preservation of architectural stone work81.  
Polyethoxysiloxane (PEOS) is generally obtained from the hydrolytic polycondensation of 
TEOS in the presence of a catalyst, a process that often yields products containing silanol 
groups that can further condense upon storage. In order to create a stable product, that does 
not age or change its structural properties with time, the synthesis of PEOS can be conducted 
via a catalytic polycondensation reaction of TEOS with acetic anhydride through the 
formation of an AB3 type monomer, the acteoxytriethoxysilane75,76. The obtained product is a 
liquid, low-viscosity hyperbranched polymer which does not contain any reactive groups, 
such as silanol or acetoxysilane, and whose structure (branching and molecular weight 
distribution) and stability can be fully characterized by 1H and 29Si NMR spectroscopy, gel 
permeation chromatography (GPC), zero-shear viscosity, MALDI-ToF mass spectroscopy, 
and thermogravimetric analysis (TGA). Due to its hyperbranched structure, PEOS not only 
exhibits lower melt viscosity and greater solubility than its linear analogues, but also posseses 
a large number of end-groups that can be further functionalized. Given these properties, 
within our research group polyethoxysiloxanes are used as unique precursor polymers of SiO2 
to prepare polymer/silica nanocomposites.  
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As mentioned in the previous paragraph, the use of PEOS for the preparation of 
organic/inorganic polymer electrolyte membranes for fuel cells offers not only the advantages 
connected to the in situ generation of an inorganic filler in a polymeric matrix (intimate 
combination of organic and inorganic phase, suppression of agglomeration of inorganic 
domains), but also the possibility, via modification of its ethoxy end-groups, to introduce 
functional groups that may stay anchored to the silica network without being flushed during 
fuel cell operation. Moreover, its higher thermal stability compared to TEOS, allows the sol-
gel processing of PEOS in polymeric mixtures not only from solution but also from the 
melt82. 
2.3.2 Experimental section  
Materials  
Tetraethoxysilane (TEOS, for synthesis) and acetic anhydride (for synthesis) were purchased 
from Merck, while tetraethyltitanate (purum) from Fluka. All reagents were used as received.  
 
Synthesis of polyethoxysiloxane (PEOS) 
In a 2 L three-neck round bottom flask equipped with a mechanical stirrer and a 30 cm 
dephlagmator connected with a distillation bridge, tetraethoxysilane (1042.2 g, 5 mol) was 
mixed with acetic anhydride (511.8 g, 5 mol) and tetraethyltitanate (3.254 g, 14.3 mmol) 
under a nitrogen atmosphere. Under intensive stirring the mixture was heated to 137 °C using 
a silicon oil bath. After heating for 20 min at this temperature, ethyl acetate was destilled. 
Heating was continued until distillation stopped. The product was then cooled to room 
temperature and afterwards a second distillation was carried at RT under vacuum. The second 
distillation did not lead to the expected amount of ethyl acetate. Therefore a third distillation 
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under vacuum at 60 °C was performed. After 2 h at these conditions, a yellowish oily liquid 
was obtained (yield was close to 100 %). 1H NMR (CDCl3, 300 MHz): δ = 1.24 (m, Si-
OCH2CH3), 3.87 (m, Si-OCH2CH3). 13C NMR (CDCl3, 75 MHz): δ = 17.88 (Si-OCH2CH3), 
59.04 (Si-OCH2CH3). 29Si NMR (CDCl3, 119 MHz): δ = -82.4, -89.51, -96.86, -104.7, -110.4. 
The volatile compounds were completely removed with a vacuum thin-film evaporator (type 
S 51/31; Normag; Germany) equipped with a rotary vane vacuum pump (model RZ-5; 
Vacubrand; Germany), magnetic coupling (Buddelberg; Germany) for the stirrer (model RZR 
2020, Heidoplh, Germany) operating at the highest level, and a heating device with a heating 
controller (type 500 and type 50.102.00; K.K.Juchheim Laborgeräte, Germany). 
 
NMR spectroscopy 
1H and 13C NMR spectra were recorded on a Bruker DPX-300 FT-NMR spectrometer at 300 
MHz and 75 MHz, respectively. Chloroform-d (CDCl3) was used as solvent and 
tetramethylsilane (TMS) served as internal standard. 
29Si NMR spectra were recorded on a Bruker AV600 NMR spectrometer operating at 119 
MHz (scans: 2500; delay: 5 sec.). Chloroform-d containing 0.015 mol/L chromium(III) 
acetylacetonate (purum, Fluka) as paramagnetic relaxing agent was used to prepare 75 wt% 
solutions of PEOS. Step-down ultra thin NMR tubes were used to reduce the signal coming 
from silicon atoms of the glass tubes.    
 
Gel permeation chromatography (GPC) 
GPC measurements were performed with a high-pressure liquid chromatography pump (LC 
1120, Polymer Laboratories) and an evaporative light scattering detector (PL-ELS-1000, 
Polymer Laboratories). The eluting solvent was chloroform (for HPLC, Fisher Scientific). 
The flow rate was 0.8 mL/min. The sample concentration was around 5 mg/mL. The setup 
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consisted of four MZ-DVB gel columns with nominal pore sizes of 50, 100, 1000, and 10000 
Ǻ. Calibration with polystyrene standards was used to estimate the molecular weight.  
2.3.3 Results 
Polyethoxysiloxane (PEOS) was synthesized via a one-pot procedure based on a catalytic 
condensation reaction of tetraethoxysilane with acetic anhydride (Figure 2.5). Stoichiometric 
amounts of tetraethoxysilane and acetic anhydride were mixed, and a small amount (0.3 mol 
%) of catalyst – tetraethyltitanate – was added. Monoacetoxylation of tetraethoxysilane 
yielded an AB3 monomer – acetoxytriethoxysilane – which was further condensed without 
isolation to hyperbranched polyethoxysiloxanes. It has already been shown in the literature 
that the condensation of acetoxytriethoxysilane resulted in hyperbranched polymers75. 
Si
OEtEtO
EtO OEt
Si
OEtEtO
EtO OOCCH3
Si
O
O
O
O
Si
Si
Si
SiEtO
EtO
O
EtO
O
O
EtO
EtO OEt
OEt
O
Si
OEt
OEt
O
Si
OEt
OEt
Si
OEt
OEt
OEt
Si
OEt
OEt
OEt
EtO
(CH3CO)2O
Not isolated AB3  monomer
+
- CH3COOEt
catalyst, 137°C
- CH3COOEt
catalyst, 137°C
TEOS
PEOS
 
Figure 2.5 One-pot synthesis of polyethoxysiloxane (PEOS) via a catalytic condensation 
reaction of tetraethoxysilane (TEOS) with acetic anhydride.  
 
The reaction was carried out at 137 °C, and the formed ethyl acetate was continuously 
distilled out from the reaction mixture. The product was a stable yellowish oily liquid with 
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low viscosity. The 1H NMR spectrum in Figure 2.1 shows two signals corresponding to the 
CH3 and CH2 in the ethoxy groups. The absence of the signal of the acetoxy groups, expected 
at ca δ = 2.10 ppm, indicates that the condensation reaction reached completeness. 
ppm (t1) 1.02.03.04.0
 
Figure 2.6 1H NMR (in CDCl3) spectrum of PEOS obtained from a stoichiometrical one to 
one mixture of TEOS and acetic anhydride with 0.3 mol % of catalyst. From left to right the 
peaks correspond to CH2 and CH3 of the ethoxy groups attached to silicon atoms.  
 
 
Figure 2.7 shows the 29Si NMR spectrum of the described sample. The analysis of the peaks 
indicates that the so synthesized PEOS has hyperbranched architecture. Indeed, as already 
described in Ref. 75 and according to the nomenclature of Ref. 83, each peak can be assigned 
from left to right to silicon atom bearing: four ethoxy groups Q0 (δ = -82.4 ppm, 1.3 %, 
TEOS), three ethoxy groups Q1 (δ = -89.51 ppm, 25.3 %, terminal units), two ethoxy groups 
Q2 (δ = -96.86 ppm, 45.1 %, linear units), one ethoxy group Q3 (δ = -104.7 ppm, 25.3 %, 
semidendritic units), and no ethoxy groups Q4 (δ = -110.4 ppm, 3%, dendritic units). From the 
areas of the individual peaks it is possible to calculate the degree of branching (DB) of PEOS 
defined as the ratio of the number of actual growth directions R (deviations from the linear 
direction) in a macromolecule to the maximum number possible growth directions Rmax, as 
given in Equation 1. 
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Figure 2.7 29Si NMR spectrum of PEOS obtained from a stoichiometrical one to one mixture 
of TEOS and acetic anhydride with 0.3 mol % of catalyst. Each peak (from left to right) is 
assigned to silicon atoms bearing respectively four (Q0), three (Q1, terminal units), two (Q2, 
linear units), one (Q3, semidendritic units), and no ethoxy groups (Q4, dendritic units). 
 
Equation 1 84          
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In the case of the PEOS here described, the DB was 0.45 (very close to the theoretical value 
expected for equal reactivity of all ethoxy groups84), the SiO2 content was ca 45 % and the 
amount of ethoxy end-groups was 1.48·10-2 mol/g. The molecular weight nM  determined by 
CHCl3-GPC was around 1100 with a polydispersity of 1.8.  
Since the synthesis of polyethoxysiloxane and its characterization have been thoroughly 
described by other members of our research group, it was the intention of this Chapter to 
summarize the most relevant aspects related to the preparation of PEOS and report the results 
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related to the silica precursor used for the studies herein presented. The interest reader is 
referred to Ref. 75, 85 and Ref. 76 and the references therein for more details. 
Within this thesis, the PEOS described in the above is referred to as "PEOS as prepared" or 
"raw PEOS". It has been shown that this PEOS contains a small percentage of low volatile 
compounds, i.e. TEOS and oligomers. The influence of the presence of such components on 
the final morphology of the hybrid SPEEK-silica membranes is addressed in later chapters. 
Thus a portion of such PEOS was treated with a vacuum thin-film evaporator, a device that 
allows removal of the low molecular mass compounds virtually preventing further 
crosslinking reactions85. Indeed, compared to more conventional distillation methods, in the 
thin-film evaporator the polymer stays only a short time in the heating zone (several seconds 
to one minute), while the volatile compounds are distilled of rather effectively due to the short 
path to the cooling finger (ca 2 cm). The polymer received at the end of this treatment was 
analyzed via 29Si NMR and the spectrum is reported in Figure 2.8. 
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Figure 2.8 29Si NMR spectrum of PEOS (high molecular weight fraction) obtained from a 
stoichiometrical one to one mixture of TEOS and acetic anhydride with 0.3 mol % of catalyst 
and treated with a thin-film evaporator. Note that, compared to Figure 2.7, the signal of 
silicon atoms bearing four ethoxy groups (Q0, TEOS) disappeared.   
 
The comparison of the 29Si NMR spectrum of Figure 2.8 with that of Figure 2.7 puts in 
evidence that the monomeric fractions - indicated in Figure 2.7 with Q0 - were removed.  
The areas of the other signals (Q1 at δ = -89.43 ppm, 17 %; Q2 at δ = -96.99 ppm, 46 %; Q3 at 
δ = -103.77 ppm, 31.7 %, and Q4 at δ = -110.48 ppm, 5.3%) allow also in this case calculating 
the degree of branching (0.51), the silica content (48 %) and the mols of ethoxy end-groups 
per gram of polymer (1.4 mol/g). The molecular weight Mn determined by CHCl3-GPC was 
around 1740 with a polydispersity of 1.9.  
 
In the coming chapters it will be specified which PEOS has been used for the preparation of 
the composite membranes: the PEOS as prepared is called “raw PEOS” and the PEOS where 
the low molecular weight fraction has been removed is called “HMW PEOS”, where HMW 
stands for “high molecular weight”.  
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2.4 Polymeric membranes and their formation 
Membranes are by definition selective barriers that divide two adjacent phases and regulate 
the transport of substances between the two compartments, being able to separate for example 
particles from solutions, salts from water, toxins from blood, one gas from a gas mixture, and 
so on86. The intrinsic ability of membranes of separating substances without using additives 
and operating at milder conditions than conventional purification processes such as 
distillation, crystallization and extraction, conferred to membrane technology a tremendous 
success in various market, from pharmacology to food and chemical industry, being "medical 
devices" and "water treatment" the most important industrial market segments87.  
Some principles behind the functioning of membranes, such as the filtration mechanism, the 
laws that regulate the diffusion of substances or gasses through a barrier (Fick88 and Graham89 
laws, respectively), the laws that rule the distribution of macromolecuar and micromolecular 
charged species across semipermeable membranes (Donnan90,91 distribution laws), and the 
principles that regulate the osmotic pressure phenomena (van't Hoff92), had been known since 
the XIX century93,94. However, the appearance of industries based on membrane separation 
technology dates back to the 1950s. Since then membrane technology went through a constant 
and unstopped growth, specially pushed by the occurring of novel synthetic materials and 
improved technology of membranes processing and characterization. Nowadays, although 
ceramic, metal and liquid membranes are gaining more importance, the majority of the 
membranes is made from solid polymers. Despite the fervent activity in membrane 
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technology, the classification of membranes and membrane processes for separations via 
passive transport did not change substantially over decades. Technical membranes are 
grouped in two categories: the porous membranes and the solubility, or non porous 
membranes. The ideal porous membrane has a structure close to a conventional filter. The 
mass transport occurs through well-defined pores and the selectivity of the membrane is 
determined by the pore diameter. Thus porous membranes can be used only for the separation 
of substances that differ in molecular dimensions, i.e. they act as molecular sieves. The 
chemistry of these membranes plays no major role in the separation process, and only the 
number, the size, and size distribution of the pores are important. The membrane filters are 
generally used in the following separation technologies: nanofiltration, ultrafiltration, 
microfiltration, dialysis, and electrodialysis.   
The ideal solubility membrane is a homogeneous dense polymer layer through which the 
transport of permeate molecules occurs by dissolution of the permeate in the membrane, and 
subsequent diffusion to the opposite side. The transport mechanism can be described by the 
solution/diffusion model95,96. The selectivity of the non porous membrane depends on 
differences between the diffusion coefficients (diffusion selectivity) and concentrations 
(solution selectivity) of the individual components in the membrane matrix. These membranes 
are mainly used in pervaporation, gas separation, reverse osmosis, electrodialyisis, controlled 
release, and membrane electrodes. 
 
A short definition of some separation technologies that are commercially established follows. 
Microfiltration (MF)97,98,99 is, with exception of hemodialysis, the largest segment for 
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applications of membrane technologies. The pore diameter of MF membranes ranges between 
50 nm and 10 µm. Since the size of most bacteria and viruses lies between 100 nm (influenza 
virus) and 1 µm (staphylococcus bacteria), the classical application of MF is sterile filtration, 
to minimize the risk of hazardous biological contamination in liquid and gases. MF are 
particular advantageous in the "cold sterilization" of heat labile products used in the 
pharmaceutical industry, such as ophtalmics, blood products and antibiotics. MF membranes 
are also used in the beverage industry, to remove turbidity from beverages (clarification), 
remove spoilage organisms from wine, and sterilize the beer and recover the "beer bottom" 
derived from fermentation. Another market for MF is the semiconductor industry, where the 
water used in the preparation of silicon wafers has to be particles-free.  
Ultrafiltration (UF)100,101,102 membranes have pore size between 1 and 50 nm and are used to 
separate soluble macromolecules. Important applications where UF technology is used are in 
the areas of pollution control and recovery of valuable by-products. For example UF 
membranes are used to recover the electrocoat paint used to paint car to avoid not only 
product waste, but also pollution problems. In the metal working industry the water used to 
cool the machines is always contaminated by oil and lubricants. UF membranes are able to 
separate and recover the oil from the formed oil-water emulsions. Based on the same 
principle, polymer latex wastes and polymeric sizing agents used in the textile industry can be 
recovered from the wash-water stream used to clean the fabrics. Moreover UF membranes are 
used in the purification of potable water.  
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Reverse osmosis (RO)103,104,105 is a process in which an applied pressure is used to reverse 
the normal osmotic flow of water across a semipermeable membrane. Indeed when two 
solutions at different concentrations are separated by a semipermeable barrier, only the 
solvent, and not the solute, is allowed to move from one compartment to the other. In case of 
aqueous solutions, water tends to flow across the membrane from the solution at lower 
concentration to that at higher, creating the so called osmotic pressure. However, if a pressure 
higher than the osmotic pressure is applied to the more concentrated solution, water will flow 
from it to the more dilute solution. This process is therefore well established for various kind 
of water purification, where the largest current applications are desalination for drinking and 
process water, and fine purification of water, especially for the microelectronics and medical 
industries.  
Nanofiltration (NF)106,107,108 is now recognized as individual membrane separation process 
between RO and UF, where the selective separation layer is a polymeric semipermeable 
membrane. The driving force of the NF separation process is the pressure difference between 
the feed (retentate) and the filtrate (permeate) side at the separation layer of the membrane. 
Moreover nanofiltration membranes also have selectivity for the charge of the dissolved 
components, i.e. monovalent ions will pass the membrane and divalent and multivalent ions 
will be rejected. The NF process is used at large scale mainly in the water treatment for the 
purification of drinking water or the cleaning of process water. NF is also applied in the dairy 
industry to concentrate and partially demineralize liquid whey.  
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Pervaporation (PV)109,110 is a separation process that consists of two basic steps: first the 
liquid feed permeates through the membrane, and then the selected permeate evaporates into 
the vapor phase. The separation of components is based on a difference in transport rate of the 
individual components through the membrane. Via this method, specific components can be 
removed from mixtures of liquids. For example, hydrophilic membranes are used for the 
dehydration of alcohols containing small amounts of water and hydrophobic membranes are 
used for removal/recovery of traces of organics from aqueous solutions. PV is a very mild 
process and hence very effective for the separation of those mixtures which can not survive 
the harsh conditions of distillation.  
Gas separation (GS)111,112 is used to separate gas mixtures, and membranes based on this 
technology can be used to remove hydrogen from product streams of ammonia plants and in 
oil refinery processes, to separate methane from biogas, to remove water vapor, CO2 and H2S 
from natural gas, to remove volatile organic liquids (VOL) from the air of exhaust streams. A 
special application of membranes for gas separation is the so called "membrane-lung". This 
device is used, especially during open heart surgery, to replace the normal lung function i.e. to 
supply O2 to the blood stream and remove CO2 from it.  
Electrodialysis (ED)113,114 is a membrane separation process in which an applied electrical 
potential difference is used to separate ionic species from uncharged solvents or impurities 
and draw selected ions across an ion exchange membrane. The process is based on the 
property of ion exchange membranes to transport ions with charge opposite to that attached to 
the polymer chains and to reject ions with the same charge by electrostatic repulsion (Donnan 
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exclusion). ED technology is used for the desalination of brackish water, to remove salts from 
food, dairy, sugar solutions, and waste streams, to produce acid/base pairs from the 
corresponding salts (for example NaOH and H2SO4 from Na2SO4115) or to recover electrolyte 
such as pure NaCl from seawater, silver salts from photographic waste, acids from metal 
pickling baths and aminoacids from protein hydrolysates. The so called chlor-alkali process, 
where chlorine and caustic soda are produced from salt, is based on electrodialysis116. The ion 
exchange membranes used in this process have to be acid- and base-stable and resistant to 
oxidation by free chlorine. Nafion-based membranes, the perfluorinated polymer that has been 
previously mentioned (see paragraph 2.2), are typical examples of materials successfully 
employed in the electrodialysis industry for the chlor-alkali process.  
 
The description given above of some purification technologies is rather general, and the 
interest reader should refer to Refs 93 and 87 and the references therein for a more exhaustive 
panoramic on membrane technologies and applications. However it was our intention to 
show, by means of few examples, not only how broad the field of membrane science is, but 
also how undefined are the boundaries between the various separation technologies. In this 
perspective, it can be easily understood that a single polymeric material can be applied in 
several fields upon tuning its performances. Some important trends87 in the production of 
tailor-made membranes regard the synthesis of polymers with well-defined structure, the 
functionalization of membranes surface, the use of templates to create barrier with tailored 
surface structures, and the preparation of composite membranes with synergetic combination 
of different functions from different materials (organic polymer blends or organic-inorganic 
hybrids). Moreover the tuning of membranes properties and performances can be achieved 
also by selecting appropriate film processing techniques, as exemplarily demonstrated by the 
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work of Loeb and Sourirajan117 in the beginning of 1960s. They discovered of a way of 
making very thin and mechanically stable cellulose acetate (CA) membranes for reverse 
osmosis applications, where the drastically reduced thickness (0.1-0.5 µm) accounted for 
much larger filtration flow densities (10 times) at comparable salt rejection compared to the 
membranes produced at that time (10 µm thick). The key of their successful and ground-
breaking invention was not the choice of a new material, but of a new membrane processing 
method. This method consists of casting a viscous polymer solution on a suitable support, 
letting part of the solvent evaporate, and immersing it in a water bath. The water bath acts as 
non-solvent, causing the precipitation of the polymer. This results in an essentially porous 
membrane in which a bicontinuous foam-like structure is formed by two phases: the solid 
polymer matrix (the membrane skeleton) and the liquid solvent-rich phase filling the pores. 
Characteristic of this processing is that the diameter of the pores changes along the thickness 
of the membrane, resulting in a very thin and rather compact layer, the "skin" (0.1-0.5 µm), 
which lies on a thicker, very porous, and coarse layer. The skin is the actual semipermeable 
membrane, while the thicker layer, that does not have selective properties, merely acts as 
mechanic support for the otherwise unstable skin. Because of this aspect, such membranes are 
called "asymmetric"86.  
Since following the Loeb and Sourirajan method a two phase structure is generated from an 
initially homogeneous mixture, such film processing is named phase inversion (PI)101, or 
phase separation (PS)118. In particular, given that the precipitation occurs in a non-solvent 
(typically water), it is spoken of non-solvent induced PS (NIPS)119. Nowadays, other 
technically relevant variants for film processing from solutions are: evaporation induced PS 
                                                 
117
 S. Loeb and S. Sourirajan; Sea water demineralization by means of an osmotic membrane, ACS Adv. Chem. 
Ser., 1963, 38, 117. 
118
 P. van de Witte, P. J. Dijkstra, J. W. A. van den Berg and J. Feijen; Phase separation processes in polymer 
solutions in relation to membrane formation, J. Membr. Sci., 1996, 117, 1. 
119
 B. F. Barton, J. L. Reeve and A. J. McHugh; Observations on the dynamics of nonsolvent-induced phase 
inversion, J. Polym. Sci, Part B: Polym, Phys., 1997, 35, 569. 
45 
 
(EIPS)120, vapor induced PS (VIPS)121,122, and thermally induced PS (TIPS)123,124, where the 
phase separation occurs by evaporation of the solvent, precipitation by absorption of a non-
solvent (water) from the vapor phase and precipitation by cooling/quenching, respectively. 
The fine-tune of membrane's pore structures is achieved by selecting the quality of the 
solvent, introducing additives, changing the residence times and/or temperatures and/or 
pressures, and even by combining various PS mechanisms. The morphology of the 
membranes, i.e. pores size and distribution, is controlled by means of microscopy 
investigations, scanning or transmission electron microscopy (SEM and TEM), that are 
considered powerful tools to understand and therefore control and improve the phase 
separation process and the performances of the membranes.  
Phase separation techniques are used not only for the formation of spongy-like membranes, 
but can be also adopted for the preparation of tailor-made "filled" membranes with controlled 
morphology that result from the blending of two (or more) macromolecular components. This 
is for example the case of materials based on interpenetrating polymer networks (IPN)125,126. 
This class of materials represents a particular case of polymer blends in which two otherwise 
incompatible polymers are physically combined, and of which at least one is crosslinked127. If 
only one polymer is crosslinked, a semi-IPN is formed. The semi-IPN can be originated from 
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solutions of polymer in a monomer in two ways128: 1) the polymer phase achieves the desired 
morphology and then crosslinking/polymerization of the monomer occurs; 2) the phase 
separation takes place as a result of polymerization of the monomer. In the first case (see for 
example the description of polystyrene-cross-polymethacrylate semi-IPN in Ref. 129), upon 
cooling the polymer solution, two phases form as a result of liquid/liquid phase separation 
into a polymer-rich and polymer-poor phase. Physical arrest of the phase separation occurs by 
thermoreversible gelation of the polymer-rich phase while it passes its glass transition 
(vitrification). Susbequently the monomer can be polymerized and crosslinked (e.g. by UV-
polymerization) and the semi-IPN is obtained. In the second case (see for example the 
formation of semi-IPN from solutions of polysulfone and an epoxy resin as described in Ref. 
128), the monomer in the homogeneous polymer-monomer solution is cured and phase 
separation occurs because of the growing incompatibility between the polymer and the 
monomer as the latter increases in molecular weight. Membranes based on the semi-IPN 
concept can be regarded as porous materials containing a continuous crosslinked polymer 
matrix and "pores" filled with the non-crosslinked polymeric component. Also in this case the 
tuning of membrane performances can be achieved controlling the extent of phase separation, 
i.e. varying blending and casting conditions and investigating membranes morphology via 
electron microscopy studies. Indeed the properties of the final blend do not result simply from 
the sum of the characteristics of the pure polymers, but depend also on the adhesion between 
the phases and on the size and size distribution of such phases, i.e. the membranes 
morphology. 
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In this thesis we present the preparation and the morphology characterization of organic-
inorganic membranes prepared following the semi-IPN concept. Our hybrid materials are 
obtained from solutions of sulfonated poly(ether ether ketone) (SPEEK) and 
polyethoxysiloxane (PEOS). PEOS (described in paragraph 2.3) is a hyperbranched liquid 
inorganic polymer that we used as silica precursor and that can be easily dissolved in many 
organic solvents, thus forming homogeneous solutions at various compositions with SPEEK. 
In our system, PEOS is the crosslinkable component. The semi-IPN is expected to generate 
during film formation upon solvent evaporation. SPEEK and PEOS, which in solution are 
miscible thanks to the presence of the solvent, phase separate when the solvent is removed 
during heating. Moreover, the extent of phase separation is enhanced by the concomitant 
crosslinking of PEOS, i.e. the incompatibility between the organic SPEEK and the emerging 
silica network increases. The aim of our investigations is to determine which parameters 
influence the organic-inorganic phase separation and how this phase separation, i.e. the 
membrane morphology, affects other membranes properties, in particular the proton mobility 
within the membranes. Indeed, also in our case the blending of two polymers with specific 
characteristic is expected to result in a new material that shows synergetic combination of 
properties of the parent components, i.e. proton conductivity provided by the sulfonated 
PEEK and water retention at high temperatures (above 100 °C) and mechanical stability 
provided by the silica network. For our investigation, transmission electron microscopy is the 
method of choice to monitor the organic-inorganic phase separation. The following chapters 
will illustrate in details the results of our studies, while here below we describe the methods 
that we used to create membranes from solutions.  
 
The membranes were prepared from solutions using two casting methods: centrifugation and 
knife-coating. While the latter method, that consists in pouring a polymeric solution onto a 
support (for example a glass plate or a polymeric liner), spreading the solution with a doctor 
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blade with a fixed gap and removing the solvent from the wet film (for example by heating in 
the oven), is commonly used both at academic and industrial level, the centrifugal casting was 
developed in our laboratories130,74 and it can be used to produce membranes at various 
thicknesses (from few micrometers up to few millimeters) but limited sizes (generally 
rectangular shaped films ca 25 cm long and 3 cm high) for testing purposes. The description 
of the centrifugation equipment is given in the following. However the detailed description of 
samples preparation (composition of the solutions, thermal treatments and membrane aspect) 
is treated, case by case, in the following chapters.   
2.4.1 Experimental section  
The equipment used for membranes preparation via centrifugal casting is shown in Figure 2.9.  
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Polymer solution 
Heating 
stream 
* 
Figure 2.9 Equipment used for the centrifugal casting. Left: schematic representation of the 
metal rotating beaker where the membrane forms. Right: the centrifuge that was custom-
modified to host the metal beaker and the heating gun which was equipped with metallic 
extension and used to evaporate the solvent.  
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The device consists of a cylindrical stainless steal beaker (8 x 3 cm, inside dimensions) that 
has a parabolic-shaped dome welded to the middle. The beaker is mounted onto a custom-
modified centrifuge (see right picture in Figure 2.9), rigorously placed in a fume-hood, and 
spun. During our investigations the spinning-speed was always fixed at 5000 rpm, the 
maximum achievable speed. When the beaker has reached the desired rotational speed, the 
polymer solution is added onto the dome (e.g. by means of a needle-less syringe) that 
distributes the solution uniformly against the inside walls of the beaker. The film is formed on 
the walls upon solvent evaporation. To enhance the speed of solvent evaporation and / or to 
dry the obtained film, the system can be heated by means of a heating gun fixed at a certain 
distance from the rotating beaker. We used a heating gun with digital display, equipped with a 
15 cm steal extension, and placed at a distance of 3 cm from the beaker. With the help of an 
infra-red thermometer which is able to determine the temperature of an object without 
touching it, it was possible to establish the effective temperature of the metal beaker. The 
correlation between the temperature set on the heating gun and the effective temperature of 
the system is given in Figure 2.10.  
  
 
 
Figure 2.10 Correlation between the temperature set on the heating gun (display 
temperature) and the temperature effectively reached by the system (measured with an infra-
red thermometer). 
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With the applied settings, the temperature of the metal beaker reached stability within 10 
minutes. In general, the spinning system was heated at 100 °C for 40 min (heating gun display 
= 250), followed by 30 min at 120 °C (heating gun display = 300). After cooling, the film is 
detached from the beaker. Eventually, the removal of the membrane from the walls can be 
facilitated if a strip of supporting material such as Teflon or a polyimide-type foil (i.e. 
Kapton) is inserted in the beaker prior to solution casting. Another possibility is to place a 
tailor-made aluminium ring that perfectly fits in the beaker and can be removed after 
membrane formation and, for example, placed in water to help detaching the dry film. 
In general with both casting methods we created membranes 30-50 µm thick.  
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Chapter 3 
 Development of hybrid polymer electrolyte 
membranes based on  
the semi-interpenetrating network concept:  
potential application and preliminary results 
 
 
3.1 Introduction 
In spite of first encouraging results obtained already in 1967 with a solid polymer fuel cell 
(SPFC) stack based on a proton conducting perfluorinated membrane used in the NASA 
space-program “Biosatellite 2”1, the interest in the commercialization of solid polymer fuel 
cells technology for military as well as for civilian applications started to grow only from the 
mid-1980’s2. Since then it experienced a constant growth as witnessed by many papers and 
reviews3,4,5,6,7,8,9,10,11,12,13. Nowadays perfluorosulfonic acid (PFSA) polymer membranes still 
                                                 
1
 G. Halpert, H. Frank and S. Surampudi; Batteries and fuel cells in space, Electrochem. Soc. Interface, 1999, 8, 
25. 
2
 K. Prater; The renaissance of the solid polymer fuel cell, J. Power Sources, 1990, 29, 239. 
3
 K. D. Kreuer; On the development of proton conducting materials for technological applications, Solid State 
Ionics, 1997, 97, 1. 
4
 O. Savadogo; Emerging membranes for electrochemical system: (I) solid polymer electrolyte membranes for 
fuel cell systems, J. New Mat. Eelctrochem. Systems, 1998, 1, 47. 
5
 K. D. Kreuer; On the development of proton conducting polymer membranes for hydrogen and methanol fuel 
cells, J. Membr. Sci., 2001, 185, 29. 
6
 G. Alberti and M. Casciola; Solid state protonic conductors, present main applications and future prospects., 
Solid State Ionics, 2001, 145, 3. 
7
 L. Carrette, K. A. Friedrich and U. Stimming; Fuel cells- Fundamentals and applications, Fuel Cells, 2001, 1, 
5. 
8
 Q. Li, R. He, J. O. Jensen and N. J. Bjerrum; Approaches and recent development of polymer electrolyte 
membranes for fuel cells operating above 100°C, Chem. Mater., 2003, 15, 4896. 
9
 V. Mehta and J. S. Cooper; Review and analysis of PEM fuel cell design and manufacturing, J. Power Sources, 
2003, 114, 32. 
10
 M. Winter and R. J. Brodd; What are batteries, fuel cells, and supercapacitors? Chem. Rev., 2004, 104, 4245. 
11
 M. A. Hickner, H. Ghassemi, Y. S. Kim, B. R. Einsla and J. E. McGrath; Alternative polymer systems for 
proton exchange membranes (PEMs), Chem. Rev., 2004, 104, 4587. 
12
 O. Savadogo; Emerging membranes for electrochemical systems Part II. High temperature composite 
membranes for polymer electolytes fuel cell (PEFC) applications, J. Power Sources, 2004, 127, 135. 
52 
 
rule the market, being the only commercially available polymer electrolyte membranes for 
fuel cells (PEMFC). The PFSA structure imparts high proton conductivity and outstanding 
chemical, mechanical and thermal stability to the membranes when operating the fuel cells at 
temperatures < 90 °C and using pure H2 as fuel14. However, the costs for production and 
operation of PEMFC could be cut if H2 created by reforming methanol (indirect methanol fuel 
cells) or methanol (direct methanol fuel cells) are used as fuel. Unfortunately, in both cases 
CO is present in the fuel and forms a poisoning adduct with the anode Pt catalyst. Moreover 
the performances of the direct methanol fuel cells suffer from slow methanol oxidation 
kinetics8,15. These negative effects could be considerably reduced or even eliminated when 
operating the fuel cells in the 120-160 °C range (medium temperature fuel cells). At 120-130 
°C the thermolable Pt-CO adduct is destroyed and between 140-160 °C direct electrochemical 
oxidation of methanol is promoted16. On the other hand, dehydration of the perfluorosulfonic 
acid PEM occurs above 90 °C. Since proton transport is intimately related to the presence of 
water, the efficiency of such membranes is drastically reduced above 90 °C and PFSA 
membranes are not applicable in medium temperature fuel cells.  
The need to lower cost of polymer electrolyte membranes and fuel for PEMFC large-scale 
applications pushed the search for alternative solutions. Research activities have been focused 
mainly on two different approaches: (i) improving the performances of perfluorosulfonic 
membranes by inorganic modification, (ii) finding new polymeric materials capable to replace 
or even to surpass Nafion’s performances. Moreover, incorporation of inorganic fillers into 
non-fluorinated membranes is a combination of the mentioned approaches, which is receiving 
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increasing consideration as recently reviewed by Jones et al.17. In this review it was concluded 
that in situ formation of the inorganic component into the polymer matrix rather than bulk 
mixing of inorganic and organic components results into improved proton conductivity and 
mechanical strength due to more homogeneous dispersion of the inorganic phase through the 
organic matrix. Li et al. have collected the most relevant publications regarding the above-
mentioned approaches in a thorough review8 where the membranes are classified into three 
groups: 1) modified PFSA membranes, 2) alternative sulfonated polymers and their composite 
membranes and 3) acid-base polymer membranes.  
When engineering new polymer electrolyte membranes for medium temperature fuel cells, 
one must take into account the water retention problem. One possibility to solve this problem 
is to include hygroscopic oxide particles into a polymer organic matrix. The matrix must not 
necessarily be a perfluorosulfonic acid polymer. Sulfonated polymers (for example sulfonated 
poly(ether ether ketone), SPEEK18, or sulfonated polysulfone, SPSU19, and macromolecular 
components without functional groups, such as polybenzimidazole (PBI)20,21 or 
polyethyleneoxide (PEO)22,23 are also suitable candidates as organic polymer matrices for 
application in PEMFC. Silicon- and titanium dioxide (SiO2 and TiO2) particles24 that mainly 
act as water binder can be incorporated into the organic matrix as well as particles that 
combine hydrophilic with proton-conductive properties and silica-supported inorganic proton 
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conductor particles25. The main focus in the preparation of such composite membranes should 
be the strict control over their morphology. Indeed, if we assume that the water is bound by 
adsorption at the inorganic / polymer matrix interface and that proton transport occurs along 
this interface, it becomes clear that high water retention and therefore high proton 
conductivity can be achieved if a maximum inorganic / organic interface area is created. 
Therefore a morphology showing ultra finely dispersed inorganic nanoparticles into a polymer 
matrix is desirable.  
From polymer chemistry it is known that a high interface area between two otherwise 
incompatible polymers is realized when, upon crosslinking of both components, an 
interpenetrating network (IPN) is formed. If only one macromolecular component undergoes 
crosslinking, a semi-interpenetrating network (semi-IPN) is formed. The IPNs concept can be 
extended towards inorganic-organic hybrid materials.  
In this Chapter we present a new approach for the preparation of hybrid membranes for 
potential application in fuel cell technology. Our approach follows the hybrid semi-
interpenetrating network concept, starting from solutions of a sulfonated organic polymer and 
a liquid hyperbranched silica precursor polymer. The morphology and the proton conductivity 
of the prepared membranes are investigated by means of transmission electron microscopy 
(TEM) and impedance spectroscopy (IS), respectively. 
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3.2 Experimental section 
3.2.1 Materials  
Polyetheretherketone (PEEK) Victrex 450 PF powder form (particle size less than 100 µm) 
was kindly provided by Victrex and was dried in vacuum at 60 °C over P2O5 overnight before 
use. Sulfuric acid 95-97 wt% (pro analysis), smoking sulfuric acid 65-67 wt% (puriss.), 
tetraethoxysilane (TEOS, for synthesis), acetic anhydride (for synthesis), tetraethyltitanate 
(purum, Fluka), dimethylacetamide (DMAc, for synthesis) and N-(3-triethoxysilylpropyl)-
4,5-dihydroimidazole (hereafter “dh-IMI”, ABCR, MW = 274.43 g/mol) (see Scheme 3.1) 
were used as received. All reagents were purchased from Merck, if not otherwise specified. 
Nafion 115 membranes (nominal thickness 127 µm) were purchased from Quintech.  
 
 
Scheme 3.1 Structure of N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (dh-IMI).  
 
3.2.2 Polymer synthesis 
Poly(ether ether ketone) was sulfonated up to 64 % degree of sulfonation in the presence of 
oleum as described in "Procedure 1" given in Chapter 2. Shortly, PEEK (20 g) was dissolved 
in concentrated sulfuric acid (95-97 %, 274 g) at room temperature (RT) for 1 h. The 
temperature was then increased up to 47 °C and the acid concentration was adjusted to 98.5 
wt% by titration with oleum (34 g). The reaction was stopped after 110 min by precipitating 
the solution in an ice-water bath. Subsequently the precipitate was repeatedly washed in 
demineralized water and then dried. The polyethoxysiloxane (PEOS) used for this study was 
prepared with an average molecular weight of Mn = 1100 g/mol and a silica content of ca 45% 
as described in Chapter 2 and was used as prepared (raw PEOS), without further removal of 
the low volatile fraction, monomer and oligomers, via a thin film evaporator (TFE). 
dh-IMI 
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3.2.3 Membranes preparation 
The membranes were prepared via centrifugal casting. An example of the preparation is 
reported, while the exact quantities used for each sample are given in Table 3.1 
SPEEK (0.734 g, 2.16 mmol; DS = 64 %) was dissolved at room temperature (RT) in DMAc 
(8 mL; concentration = 0.092 g/mL). PEOS (0.168 g; 19 wt% of the total weight of the two 
polymers) was dissolved in DMAc (0.9 mL; concentration = 0.187 g/mL). The two solutions 
were mixed with a magnetic stirrer at RT for 15 minutes and then added into the rotating 
beaker. The spinning system was heated at 100 °C for 40 min (heating gun display = 250), 
followed by 30 min at 120 °C (heating gun display = 300).  
In some cases N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (dh-IMI) was added to the 
mixture. In particular dh-IMI was mixed with PEOS at 120 °C overnight and just before 
membrane preparation the PEOS/dh-IMI solution was added to the SPEEK solution. The 
preparation procedure continues as previously described. In Table 3.1 the amount of dh-IMI is 
given in grams but also as percentage of the sulfonic acid groups of SPEEK that were 
neutralized. Moreover, it can be calculated that for the samples where N-(3-
triethoxysilylpropyl)-4,5-dihydroimidazole was used, some ethoxy end-groups in PEOS could 
have been exchanged (up to ca 12 mol %) with dh-IMI.  
Table 3.1  
Details of membranes preparation. 
 
Sample SPEEK 
g (mmol) 
PEOS  
g (wt%) 
N-(3-
triethoxysilylpropyl)-4,5-
dihydroimidazole 
g  (mmol) (neutraliz. %) 
Aspect SiO2 
content 
wt% (a) 
M-1 0.734 (2.16) 0.168 (19%) - translucent 7.4 
M-2 0.652 (1.92) 0.335 (34%) - translucent 16.8 
M-3 0.572 (1.68) 0.503 (47%) - translucent 22.0 
M-4 0.735 (2.16) 0.169 (19%) 0.0831 (0.303) (22%)  transparent 11.3 
M-5 0.654 (1.92) 0.335 (34%) 0.165 (0.602) (49%) transparent 17.7 
 (a)
 SiO2 content was determined by calcination. 
It has to be mentioned that some membranes prepared with the same PEOS / dh-IMI solution 
but with a different SPEEK sample (DS = 67 %), resulted in a strong phase segregation. Since 
1H NMR, elemental analysis, GPC did not show any significant difference between the two 
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SPEEK samples, we believe that such different behaviour might be caused by different rates 
of conversion of PEOS to SiO2 during the film forming process. Differences in the rate of 
conversion might be due to catalytically active impurities and to the lack in strict control of 
the water content.  
3.2.4 SiO2 content determination 
The silica content of the membranes was determined after calcination. Around 100 mg of a 
membrane were put in a crucible of known weight and the total weight was measured. The 
crucible containing the sample was introduced in a muffle kiln that has an opening on the top 
to keep contact with air. The sample was kept at 1000 °C for 4 hrs. Afterwards the sample 
was immediately transferred in desiccators with P2O5 and let cool to room temperature. Then 
the weight of the crucible plus residues was determined. The amount of SiO2 (wt %) was 
calculated as ratio between the weight of the residues and the initial weight of the membrane. 
Each experiment was performed twice. The results of the calcinations are shown in Table 3.1.  
3.2.5 Morphology 
The morphology of the membranes was investigated by transmission electron microscopy 
(TEM). The membranes were immersed in a liquid epoxy resin (SPURR-kit, standard 
formulation, Sigma-Aldrich) and then hardened at 70 °C. Ultra thin sections were obtained 
with a Reichert Ultracut microtome, collected on copper grids and subsequently carbon-
sputtered. Two instruments were used for examination of the ultra thin sections: the Philips 
CM10 TEM operated at 100 kV and the FEI Tecnai F20 energy-filtering transmission 
electron microscope operated at 200 kV. This microscope was equipped with a Schottky field-
emission source, an EDX spectrometer (EDAX) and a Gatan Imaging Filter (GIF 2000). The 
latter was employed to record electron spectroscopic images (ESI) to show the size and 
distribution of the expected ultra-fine silicon oxide particles within the polymer matrix. Hence 
spectroscopic images were obtained using the silicon Si-L2,3, carbon C-K and oxygen O-K 
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edges. In the course of the present investigation the three-window method26 was used to 
generate elemental maps from suitable thin sample areas with Iinelastic / I0 < 0.7. These maps 
show the occurrence and position of the above-mentioned elements in the investigated region. 
Ratio maps based on the post- and nearest pre-edge images were then calculated to improve 
the contrast in the maps.   
3.2.6 Proton conductivity  
The proton conductivity of the membranes was investigated by means of impedance 
spectroscopy. Impedance spectroscopic measurements were performed along the plane of the 
membranes by means of an Agilent 4192A analyzer operating in the frequency range between 
10 Hz – 106 Hz and at amplitude of 100 mVrms. Strips of membranes 3 cm long, 1 cm wide 
and approximately 130 µm thick were placed longitudinally on gold sputtered glass substrates 
serving as electrodes. Weights of ca. 150 g were placed on both ends of the filmstrip to 
increase the electrode-membrane interface. Based on an electrode distance of 2.5 mm, specific 
conductivities were derived from the real part of the impedance in the frequency-independent 
frequency range. Uniform current distribution can be assumed due to the large ratio of contact 
length between membrane and electrode and the membrane thickness. The specific 
conductivity is given by 2
1
//'
//
cmAZ
cmdScm
⋅Ω
=
−σ
  where d is the distance between the 
electrodes, Z’ is the real part of the impedance, A the cross-sectional area of the sample (width 
× thickness). Using the given equation, the specific conductivity is independent of the contact 
area between membrane and electrode. Prior to the measurements the membranes were stored 
in demineralised water for at least 1 day and wiped dry by a dust free tissue just before 
placing them in the measuring set-up.  
 
                                                 
26
 J. Mayer; Nanoscale analysis by energy-filtering TEM, in Hawkes (Ed.), Advances in Imaging and Electron 
Physics, vol. 123, Elsevier Science  2002, pp. 399-411. 
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3.3 Results and discussion 
Inorganic / organic hybrid membranes for potential application in fuel cells were made using 
the semi-interpenetrating network concept as guideline for sample preparation.  
3.3.1 Concept 
In order to create a composite membrane from SiO2 and SPEEK with nanoscopic phase 
morphology, we followed an interpenetrating network concept, where the phase structure is 
created during film formation and one phase becomes highly crosslinked, i.e. as the soluble 
and liquid PEOS is transformed to silica. SPEEK and the SiO2 pre-polymer are mixed in 
homogeneous solution. Demixing is effected during film casting as the solvent evaporates and 
the SiO2 prepolymer is converted to silica. Figure 3.1 demonstrates this concept of phase 
structure qualitatively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1 Left: Ternary phase segregation of SPEEK, PEOS and solvent. Φcrit denotes the critical 
dissolution point, 1 and 1’ the binodal and 2 the spinodal regime. The dashed arrow indicates the 
change in composition during film casting. 
Right: Schematic phase segregation path of SPEEK and PEOS during membrane casting from 
solution in a common solvent. The vertical axis represents the condensation reaction, i.e. the 
increase of molecular weight of PEOS during evaporation of the solvent.  
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Figure 3.1 (Left) shows a ternary phase diagram of PEOS, SPEEK and the solvent. When the 
solvent is evaporating, the mixture passes the border of the miscibility gap. When PEOS is 
converted to silica, the area of the miscibility gap gets increased significantly. Thus, both 
processes, i.e. evaporation and chemical conversion of PEOS drive the system towards 
demixing. In the binodal, metastable regimes 1 and 1’, demixing is nucleated and spherical 
droplets are formed at different times growing to different sizes27. If, however, the mixture is 
quenched into the spinodal regime 2, demixing is spontaneous and originally ultra-small 
domains are formed throughout the whole sample instantaneously leading to a bicontinuous 
structure even for asymmetric compositions. Arrest at such early stages of the phase structure 
is possible if the sample vitrifies or crosslinks as soon as the first domains are formed. For this 
purpose, it is obvious that the demixing gap should be rather flat, so that the demixing will 
occur at low solvent fraction, i.e. at high viscosity. If during evaporation of the solvent the 
SiO2 pre-polymer is simultaneously converted to an increasingly crosslinked structure, this 
can improve retardation of the phase segregation process.  
However, as the gel point is approached only slowly and the miscibility gap is enlarged with 
increasing molecular weight, chemical conversion will eventually have the opposite effect, i.e. 
enhance phase segregation and thus the domain size. This is schematically depicted in right 
side of Figure 3.1. For obtaining an ultrafine morphology, the miscibility gap must grow 
slowly while the viscosity must increase quickly. As a consequence it can be concluded that a 
high compatibility of the SiO2 pre-polymer with the SPEEK and a late onset of phase 
segregation to high concentrations of the polymer components will be most favorable for 
arresting an early, i.e., ultrafine phase morphology.   
 
 
                                                 
27
 L. H. Sperling; Introduction to Physical Polymer Science, Wiley New York, 1992. 
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3.3.2 Membrane preparation 
Hybrid SPEEK-SiO2 membranes were prepared from DMAc-solutions of sulfonated 
polyetheretherketone, polyethoxysiloxane and, in same cases, in the presence of N-(3-
triethoxysilylpropyl)-4,5-dihydroimidazole (dh-IMI).  
SPEEK with a degree of sulfonation 64 % was selected for this study because this degree of 
substitution by sulfonic acid groups combines good proton conductivity with limited 
solubility in water. Such SPEEK can be dissolved at room temperature in aprotic polar 
solvents (such as dimethylformamide (DMF), DMAc and N-methylpyrrolidone (NMP) 
having respectively the following boiling points: 153 °C, 166 °C, 202 °C). Due to the highest 
boiling point, NMP was not selected for this research. With regard to DMF and DMAc, it is 
known from the literature that they interact with the sulfonic acid groups of SPEEK reducing 
the number and / or mobility of protons available for proton transport28. However, DMF 
forms a complex with SPEEK via hydrogen-bonding even at 60 °C while such interactions 
between DMAc and SPEEK occur only at 140 °C. Therefore, despite the lower boiling point 
of DMF compared to DMAc, DMAc was chosen as solvent for membrane preparation. The 
direct addition of PEOS to the SPEEK solution led to the formation of a precipitate. 
Precipitation could be avoided if PEOS was first dissolved in DMAc at 16.6 wt% and then 
mixed with a solution of SPEEK at ca 8 wt%.  
As mentioned in the above, high compatibility between the SiO2 pre-polymer and SPEEK is 
desirable in order to decrease the miscibility gap and therefore to favor the formation of 
ultrafine morphology. The feasibility of this concept will be tested by using a compatibiliser 
that bears two functional groups: one for interaction with SPEEK and another one for 
interaction with PEOS. In particular N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (see 
Scheme 3.1) was selected because of the possible acid-base interaction between its 
                                                 
28
 G. P. Robertson, S. D. Mikhailenko, K. Wang, P. Xing, M. D. Guiver and S. Kaliaguine; Casting solvent 
interactions with sulfonated poly(ether ether ketone) during proton exchange membrane fabrication, J. Membr. 
Sci., 2003, 219, 113. 
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dihydroimidazole group and the sulfonic acid group of SPEEK and because of the possible 
condensation reaction between the ethoxysilane groups and the end groups of PEOS. When 
the compatibiliser is introduced in the reaction mixture, it can interact with SPEEK and / or 
PEOS, as shown in Scheme 3.2. 
Accordingly to route 1, first a reaction of neutralization occurs between the sulfonic acid 
groups of SPEEK and the dihydroimidazole ring of the compatibiliser. Subsequently, a 
condensation reaction between the ethoxysilane groups and the end groups of PEOS takes 
place, which is promoted by the high temperature used in membrane preparation. Route 1, 
thus, leads the formation of a final product where SPEEK and PEOS, otherwise incompatible, 
are linked together through the dihydroimidazole-coupler.  
 
 
 
Scheme 3.2 Possible reactions paths of N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole in a 
mixture containing SPEEK and PEOS.         = PEOS, R = -Et, -COCH3, -H 
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On the other hand, following route 2, the condensation reaction between PEOS and dh-IMI 
could occur at first, catalyzed by the acidic groups of SPEEK and leading to the formation of 
dihydroimidazole modified PEOS. The modified PEOS could then react with SPEEK 
resulting in the same final product obtained through route 1. In order to favour the 
condensation reaction, PEOS and dh-IMI were mixed together in DMAc overnight at 120 °C. 
All membranes were prepared in a rotating beaker, i.e. by centrifugal casting, as described in 
the experimental part. Centrifugal casting allows fast solvent evaporation while at the same 
time uniform films of controlled thickness can be obtained corresponding to the absolute 
amount of material introduced. Particularly, membranes of ca. 130 µm were prepared so that 
their performances could be compared with that of Nafion 115. When the rotating beaker was 
heated to 100 °C, film formation occurred within 7 minutes. The temperature of the rotating 
beaker was monitored by means of an infrared thermometer. The system was kept at high 
temperature for 70 min to provide good drying of the formed films.  
All samples showed good flexibility, specially the ones where N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole was introduced. The amount of SiO2 in the SPEEK / PEOS and SPEEK / 
PEOS / dh-IMI membranes was verified by calcinations (see Table 3.1).  
3.3.3 Membrane morphology 
During film formation, two different but intimately correlated processes take place: phase 
segregation of SPEEK and PEOS and conversion of PEOS into SiO2. Direct observation of 
the membranes gives a first indication on these processes. Samples prepared with the 
unmodified PEOS / DMAc solution were opaque to slightly turbid indicating phase 
segregation, while the membranes prepared with PEOS modified with dh-IMI were 
transparent suggesting a much more homogeneous structure. Transmission electron 
microscopy confirmed the observation. Figure 3.2 shows exemplary the TEM micrograph of 
membrane M-2, prepared by addition of 34 wt% PEOS to the SPEEK solution.  
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In this membrane phase segregation and conversion of PEOS into SiO2 occurred with 
formation of SiO2 domains with 0,2 – 3 µm diameter, that were rather uniformly distributed 
all over the sample. Most likely domains were formed by binodal phase segregation, i.e. 
nucleation-growth mechanism.  
The addition of N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole in sample M-5 (same 
amount of PEOS as M-2) lead to the formation of smaller domains. These domains were 
depicted clearly by means of a FEI Tecnai F20 microscope. Typical zero-loss filtered TEM 
images of the samples at different magnification are shown in Figure 3.3.  
Positions of the silicon oxide particles are indicated in the images by the diffuse bright blobs. 
Examination by high-resolution TEM (Figure 3.3c) proved that both the matrix and the silicon 
oxide particles are amorphous. This result was confirmed by a supplementary investigation by 
selected area electron diffraction, which also showed only diffuse halos indicating a pure 
amorphous material.         
 
Figure 3.2 TEM micrograph (5200 x) of membrane M-2. This image was taken at the Philips 
CM10 operated at 100 kV. 
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Figure 3.3 Zero-loss filtered TEM images (filter slit width 20 eV) of the as-prepared M-5 
sample at different magnifications a), b) and c). The embedded ultra-fine silicon oxide 
particles are represented in all three images by the bright blobs. The image in c) was taken 
under high-resolution conditions and proves the amorphous state of both the matrix and the 
ultra-fine particles.     
 
 
Whereas the size and the shape of the embedded particles could not clearly be resolved from 
normal TEM images, electron spectroscopic imaging (ESI) was the method of choice to 
answer these questions. Figure 3.4 shows the corresponding results obtained from ESI for the 
as-prepared M-5 membrane.  
To determine the size and shape of the particles in the membranes we recorded elemental 
maps at higher magnification. An enlarged carbon distribution image, which has been used to 
estimate the particle sizes, is shown in Figure 3.5. 
 
 
Figure 3.4 Elemental maps (ratio images) for sample M-5 as obtained by electron 
spectroscopic imaging. The elemental maps show the nearly homogeneous distribution of the 
silicon oxide particles within the polymer matrix. a) silicon map, b) carbon map, c) oxygen 
map. (Areas with high concentration of the respective element appear bright). 
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Thus the smallest detected particles are about 20 nm, the largest about 120 nm in diameter. 
These particle sizes are in good agreement with those determined from the corresponding 
silicon and oxygen distribution maps and have been used for checking the result. Moreover 
we noticed that a variety of silicon oxide particles are slightly stretched in direction parallel to 
the surface of the membrane (the radial direction in the centrifugal casting) and become oval 
shaped. 
The investigations on samples M-2 and M-5 (same PEOS content) clearly demonstrated 
reduced domain sizes when PEOS was modified by N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole. A possible explanation of the reduced SiO2 particle size is that dh-IMI acts 
as a compatibiliser between SPEEK and PEOS, reducing their miscibility gap as postulated 
above. Indeed a double interaction is possible between the two polymers: an acid-base 
interaction between the sulfonic acid groups in SPEEK and the dihydroimidazole rings in dh-
IMI and an obvious interaction between the ethoxy groups in dh-IMI and in PEOS, which 
might result in a silica particle decorated with dihydroimidazole rings. 
The conversion of PEOS into SiO2 was also verified by means of TEM. Membrane M-5 was 
treated in deionised water at 95 °C for 16 h and subsequently dried at room temperature. TEM 
images of the water treatment are shown in Figure 3.6.  
 
Figure 3.5  
Carbon elemental maps from the sample M-5. The 
smallest holes which could be detected in both 
images are about 20 nm in size. The largest holes 
have a diameter of nearly 120 nm. 
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Figure 3.7 Carbon elemental maps from the sample 
M-5 after treatment in water at 95 °C for 16 h. 
 
Figure 3.6 Elemental maps (ratio images) for sample M-5 after water treatment at 95 °C as 
obtained by electron spectroscopic imaging. a) silicon map, b) carbon map, c) oxygen map. 
(Areas with high concentration of the respective element appear bright). 
 
The comparison between the samples M-5 before and after water treatment (Figure 3.4 and 
Figure 3.6) show that no further modification of the domain structure occurred. The carbon 
distribution image at higher magnification of sample M-5 after water treatment is given in 
Figure 3.7.  
 
 
It has to be mentioned that sample M-5, prepared by addition of 34 wt. % PEOS and N-(3-
triethoxysilylpropyl)-4,5-dihydroimidazole to the SPEEK solution, showed remarkable 
dimensional stability during water treatment at 95 °C. This was not observed for the other 
samples, which gave strong swelling in water at high temperature. For samples M-1, M-2 and 
M-3 this may be explained by the coarse domain structure, leaving the SPEEK matrix largely 
uneffected. For sample M-4 the volume fraction of SiO2 seems to be too small. As an 
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example, Figure 3.8 shows the photographs of M-4 (20 wt% PEOS + dh-IMI) before and after 
water treatment (still in wet state). The sample was transparent before water treatment, while 
in the wet state it became opaque. 
 
3.3.4 Proton conductivity  
The proton conductivity of the prepared hybrid SPEEK-SiO2 membranes and of Nafion 115 
was measured in an open cell as described in the experimental part. Figure 13 shows 
exemplary the frequency dependent electrical properties of the samples in equilibrium with 
ambient humidity plotting the real part of the impedance Z’ versus the measuring frequency f.   
The similar decrease of the impedance that can be observed at low frequencies for samples M-
1 / M-3 and Nafion can be ascribed to polarization due to the mobility of protons at the 
membrane-electrode interface (Warburg impedance). While the absence of a polarisation for 
M-5 is attributed to the high impedance, which typically shifts the low frequency dispersion 
to lower frequencies, the curve for sample M-4 is not yet understood. It can be speculated that 
the effect is caused by surface segregation of PEOS before full conversion resulting in 
inhomogeneous sample morphologies.  
The plateau of the impedance at medium frequencies represents the proton conducting 
process. The decrease of impedance at high frequencies reflects the current charge relaxation 
with the electrical resistance of the proton transport and the geometrical capacitance of the 
Figure 3.8 Membrane M-4 (20 wt% PEOS + diIMI) 
before (left) and after (right) water treatment at 95°C 
for 16 hrs. 
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electrodes. By means of complex nonlinear least square fit (CNLS)29 circuit equivalents were 
fitted to the impedance spectra (Figure 3.9).  
 
 
Figure 3.9 Z’ vs. f for exemplary measurements of hybrid membranes at different SiO2 
content and Nafion in equilibrium with ambient humidity. The lines represent the CNLS data 
fit results with the given circuit equivalent(s). 
 
 
Besides sample M-4 all spectra could be described by the impedance function of a series of a 
parallel R;C element and a constant phase element CPE. R is the ohmic resistance reflecting 
the proton conductivity, C the geometric capacity of the measurement setup. The CPE 
represents the polarisation at the sample-electrode interface. For M-4 a second serial CPE 
needed to be included. Please note that deviations of the fitting curve at frequencies above 105 
Hz derive from parasitic effects due to inductivities and stray capacitances in the 
measurement setup. Table 3.2 shows the values of the respective elements in the used circuit 
equivalents.  
                                                 
29
 E. Barsoukov and J. R. Macdonald; Impedance spectroscopy, Wiley Hoboken, 2005. 
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Table 3.2  
Values of the elements in circuit equivalent used for data fitting of the exemplary impedance 
measurements shown in Figure 3.9. 
 
 M-1 M-2 M-3 M-4 M-5 Nafion 
R / MΩ 0.115 0.047 0.053 0.079 1.040 0.004 
C / pF 3.66 3.59 4.30 3.41 3.57 11.3 
A1 4.94 × 107 9.25 × 106 1.23 × 107 7.23 × 105 6.11 × 105 2.03 × 106 
α1 0.768 0.703 0.673 0.967 0.306 0.789 
A2 0.115 0.047  2.97 × 104   
α 2    0.199   
 
The outstanding high capacity determined for Nafion results from the fact that for Nafion the 
relaxation frequency of the R;C element lies beyond the measured frequency range. The 
resistance describing the proton conductivity in all samples is frequency independent. This is 
in accordance with the reported ohmic behaviour observed for the proton conductivity of 
Nafion measured in by means of the 4-electrode method30,31,32. 
 
Figure 3.10 shows the change in conductivity with time at room temperature just after placing 
the membranes in the open set-up. All samples show a drop in conductivity within the first 20 
minutes which is more significant for the hybrid membranes than for Nafion. This drop in 
conductivity is related to the evaporation of adhesive water on the surface of the membranes. 
Subsequently all the films show a continuous decrease in conductivity.  
 
                                                 
30
 B. D. Cahan and J. S. Wainright; AC impedance investigations of proton conduction in Nafion, J. Electrochem. 
Soc., 1993, 140, 185. 
31
 J. J. Fontanella, M. G. McLin, M. C. Wintersgill, J. P. Calame and S. G. Greenbaum; Electricaimpedance 
studies of acid form Nafion membranes, Solid State Ionics, 1993, 66, 1. 
32
 Y. Sone, P. Ekdunge and D. Simonsson; Proton conductivity of Nafion 117 as measured by a four-electrode 
ac impedance method, J. Electrochem. Soc., 1996, 143, 1254. 
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Figure 3.10 Decrease of the specific proton conductivity with time in ambient atmosphere. 
 
 
As regards the specific conductivity values, sample M-5 shows the lowest values. This sample 
was prepared via mixing the SPEEK solution with the PEOS / N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole solution. Sample M-5 is characterized by an ultrafine morphology with 
SiO2 domains between 20 and 120 nm as demonstrated by TEM (Fig. 8 to Fig.11). However 
the images indicate isolated SiO2 domains within a matrix of SPEEK, i.e., it has not been 
possible yet to obtain a bicontinuous morphology with a percolating SiO2 structure. It must be 
also expected that the PEOS has a tendency to segregate to the surface where it can form an 
insulating interface. Furthermore almost 50 % of the sulfonic acid groups present in the 
SPEEK are expected to be neutralized due to the incorporation of the N-(3-
triethoxysilylpropyl)-4,5-dihydroimidazole. This translates in less acidic groups available for 
proton transport33.  
 
                                                 
33
 C. S. Karthikeyan, S. P. Nunes, L. A. S. A. Prado, M. L. Ponce, H. Silva, B. Ruffmann and K. Schulte; J. 
Membr. Sci., 2005, 254, 139. 
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3.4 Conclusions 
Inorganic / organic hybrid membranes have been prepared for potential application in fuel 
cells from SPEEK and SiO2. Use of a hydrophobic hyperbranched SiO2-precursor polymer, 
polyethoxysiloxane, enabled us to obtain an ultrafine phase structure with SiO2 domains as 
small as 20 to 120 nm. This sample was characterized by a very small swelling in water, 
untypical for SPEEK. All the formed hybrid membranes showed ohmic-type proton 
conductivity. In the humid state they exhibited specific conductivities comparable to Nafion. 
To this point, we have been able to realize the concept of a nanophase hybrid structure. 
However, TEM morphologies indicate isolated SiO2 domains within a matrix of SPEEK. In 
contrast the limited water uptake might indicate a bicontinuous structure where the 
interpenetrating SiO2 phase prevents swelling of the SPEEK. It must, however, be considered 
that an insulating SiO2-surface has been developed by surface segregation of the originally 
hydrophobic PEOS. Such a surface layer can easily explain the reduced proton conductivity 
for sample M-5 containing 17 wt% of SiO2. Alternatively it must be considered that the 
hybridization of dihydroimidazole modified PEOS with SPEEK reduces the intrinsic proton 
conductivity due to the neutralization if the sulfonic acid groups. Future work must be 
directed towards increasing the fraction of SiO2 and ensuring a true interpenetrating network 
and a more systematic study of the correlation between proton conductivity on one side and 
the phase structure as well as the SiO2 / SPEEK interaction. 
Further humidity- and temperature-dependent impedance measurements will be performed in 
a later study. Moreover, the special structure of the liquid SiO2 precursor allows easy 
introduction of groups that could enhance proton conductivity. For example PEOS ethoxy 
end-groups could be exchanged with alkoxy groups containing Lewis acids.  
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Chapter 4 
Hybrid SPEEK-silica membranes  
doped with phosphotungstic acid: 
morphology and proton conductivity  
 
 
4.1 Introduction 
Fuel cells are electrochemical devices that convert chemical energy to electrical energy. 
Several types of fuel cells exist, classified according to the employed electrolyte, the 
operating temperature, and the final application1. Compared to internal combustion engines, 
fuel cells promise higher energy-conversion efficiency and lower pollutants emission. It is 
therefore of great appeal for the industrialized countries to adapt the fossil-fuel consuming 
devices involved in daily human activities (production of electricity and the propulsion of 
vehicles) to the fuel cells technology. Proton exchange membranes fuel cells (PEMFC) are 
promising candidates as power generators for zero-emission vehicles. However, one of the 
main limitations to the mass-commercialization of electrical vehicles based on PEMFC is the 
cost of the electrolyte. A big part of the research efforts in the PEMFC sector is therefore 
devoted to the finding of suitable electrolytes that can be produced at moderate costs. 
Phosphotungstic acid (PWA), a heteropolyacid commonly used as staining agent for 
biological compounds2, has been proposed as solid electrolyte for proton exchange membrane 
                                                 
1
 L. Carrette, K. A. Friedrich and U. Stimming; Fuel cells- Fundamentals and applications, Fuel Cells, 2001, 1, 
5. 
2
 G. Quintarelli, R. Zito and J. A. Cifonelli; On phosphotungstic acid staining. I, The Journal of Histochemistry 
and Cytochemistry, 1971, 19, 641. 
74 
 
fuel cell applications due to its high proton conductivity3. However, when used as such, PWA 
dissolves in the water formed by the electrochemical process of current generation and 
leaches out the cell thus leading to a drastic decrease of fuel cell performances4. It is believed 
that the incorporation of PWA in a host material could circumvent the leaching problem while 
taking advantage of the high proton conductivity of this electrolyte.  
To understand the reason for the high proton conductivity of PWA and the potential 
interactions between PWA and a host material, it is opportune to consider its structure. The 
primary structure of PWA is a Keggin unit (KU)5, the polyanion [PW12O40]3-, which consists 
of the central PO4 tetrahedron surrounded by four W3O13 units linked together by oxygen 
atoms (see Scheme 4.1 for the detailed description of the KU). The three tungsten atoms of 
each unit share one oxygen atom of the PO4 tetrahedron. There are four types of oxygen 
atoms in the KU: central oxygen atoms, two types of bridging oxygen atoms (edge sharing 
and corner sharing), and terminal oxygen atoms. The bridging and terminal oxygen atoms are 
on the periphery of the structure and therefore are available to associate with protons or water 
molecule to form hydrates. The regular three-dimensional assembly of the heteropolyanions 
with counter cations (protons) and additional molecules (water) forms the so called secondary 
structure6. Phosphotungstic acid in the acid anhydrous form - H3PW12O40 – is the strongest 
acid of the common Keggin units7.
 
The strong acidity derives from the delocalization of the 
negative charge over many atoms of the polyanion. It has been shown that anhydrous 
H3PW12O40 in acetonitrile is a Brønsted acid which is stronger than sulfuric acid8. The 
                                                 
3
 N. Giordano, P. Staiti, S. Hocevar and A. S. Aricó; High performance fuel cell based on phosphotungstic acid 
as proton conducting electrolyte, Electrochim. Acta, 1996, 41, 397. 
4
 P. Staiti, S. Hocevar and N. Giordano; Fuel cells with H3PW12O40.29H2O as solid electrolyte, Int. J. Hydrogen 
Energy, 1997, 22, 809. 
5
 J. F. Kegging; Structure of the molecule of 12-phosphotungstic acid, Nature, 1939, 131, 908. 
6
 M. Misono; Unique acid catalysis of heteropoly compounds (heteropolyoxometalates) in the solid state, Chem. 
Comm., 2001, 1141. 
7
 M. J. Janik, R. J. Davis and M. Neurock; A first principle analysis of the location and affinity of protons in the 
secondary structure of phosphotungstic acid, J. Phys. Chem. B, 2004, 108, 12292. 
8
 R. S. Drago, J. A. Dias and T. O. Maier; An acidity scale for Brønsted acids including H3PW12O40, J. Am. 
Chem. Soc., 1997, 119, 7702. 
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strength of PWA makes it an interesting alternative to conventional corrosive acids in acid-
catalyzed reactions like alkylations6 and alcohol formation from olefines9. 
In the hydrated state the water molecules bridge the PWA molecules through the terminal 
oxygen atoms10 by forming ions such as H5O2+. Generally the water molecules are loosely 
bound in the structure and the PWA acts as Brønsted acid towards them10,11 resulting in high 
proton conductivity. Thus the proton conductivity depends on the number of water molecules 
coordinated to the Keggin unit. For example, as reported by Nakamura et al.12, the proton 
conductivity at 25 °C of the crystalline phosphotungstic acid with 29 water molecules is 0.18 
S/cm, which is among the highest for solid electrolytes. It has to be mentioned that the exact 
number of coordinated water molecules, and therefore the proton conductivity, depend upon 
the temperature and the relative humidity of the environment. 
Sulfonated polymers that are typically used in PEMFC are suitable candidates as host 
materials for PWA. Indeed specific interactions between the PWA and the sulfonated polymer 
are expected. In particular, protonated water molecules can bridge the sulfonate anion groups 
of the polymer with the terminal and the bridging oxygen of the Keggin unit10. The bulk 
mixing of phosphotungstic acid with, for example, sulfonated polysulfone13, sulfonated 
poly(ether ether ketone)14, sulfonated poly(arylene ether sulfone)10, sulfonated poly(arylene 
ether nitrile ketone)15 and Nafion16 leads to hybrid polymer electrolyte membranes with 
                                                 
9
 A. V. Ivanov, E. Zausa, Y. Ben Taarit and N. Essayem; Mechanism of propene hydration over heteropolyacid 
catalysts, Applied Catalysis A: General, 2003, 256, 2255. 
10
 Y. S. Kim, F. Wang, M. Hickner, T. A. Zawodzinski and J. E. McGrath; Fabrication and characterization of 
heteropolyacid (H3PW12O40)/directly polymerized sulfonated poly(arylene ether sulfone) copolymer composite 
membranes for higher temperature fuel cell applications, J. Membr. Sci., 2003, 212, 263. 
11
 A. J. Bradley; The crystal structure of H3PW12O40.29H2O, Proc. Roy. Soc. (London), 1936, A157, 113. 
12
 O. Nakamura, T. Kodama, I. Ogino and Y. Miyake; High-conductivity solid proton conductors: 
dodecamolybdophosphoric acid and dodecatungstophosphoric acid crystal, Chem. Lett., 1979, 8, 17. 
13
 M. W. Park, J. C. Yang, H. S. Han, Y. G. Shul, T. H. Lee and Y. I. Cho; Heteropolyacid (H3PW12O40) 
incorporated solid polymer electrolyte for PEMFC, Denki Kagaku, 1996, 64, 743. 
14
 S. M. J. Zaidi, S. D. Mikhailenko, G. P. Robertson, M. D. Guiver and S. Kaliaguine; Proton conducting 
composite membranes from polyether ether ketone and heteropolyacids for fuel cell applications, J. Membr. Sci., 
2000, 173, 17. 
15
 H. Zhang, J. H. Pang, D. Wang, A. Li, X. Li and Z. Jiang; Sulfonated poly(arylene ether nitrile ketone) and its 
composite with phosphotungstic acid as materials for proton exchange membranes, J. Membr. Sci., 2005, 264, 
56. 
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higher ionic conductivity than the pure polymers. However, upon strong membrane hydration 
and swelling, the dissolution of the PWA in water occurs with detrimental consequences on 
fuel cells efficiency. Therefore further stabilization of the PWA additive is necessary. This 
can be conveniently achieved by anchoring PWA on an oxidic support that is introduced in a 
polymeric matrix. Silica is a suitable immobilizing agent. It has been shown by Tatsumisago 
et al.17,18 that, when phosphotungstic acid is incorporated in a silica-gel film obtained from the 
sol-gel process of tetraethoxysilane (TEOS), the conductivity at room temperature of the silica 
gel increased from 10-5 S/cm to 10-3-10-2 S/cm. The silica gel has a large number of 
micropores and mesopores that are "filled" with the proton conductive electrolyte18. Strong 
electrostatic interactions between charged silanol groups and the polyanions of PWA are 
believed to confer stability to the system19,20. When thinking about proton exchange 
membrane fuel cell applications, it is important to remind that the presence of a component 
like silica provides additional beneficial effects like water retention at high temperatures and 
reduction of the methanol crossover in direct methanol fuel cells21.  
When preparing the membrane from solution, the incorporation of PWA supported on silica 
within a polymeric membrane can be achieved in two ways: via the pre-formation of PWA-
silica particles followed by straightforward mixing in a polymer solution22,23,24 or via the in 
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situ generation of the inorganic phase within the matrix during film formation, e.g. via the sol 
gel process of an alkoxide precursor in the presence of PWA21,25,26. Both methods lead to 
composite membranes with increased proton conductivity compared to the pure ionomer, 
especially at low relative humidity27. The mixing of pre-formed inorganic particles in a 
polymer solution is expected to lead to heterogeneity both of the size of the particle 
agglomerates and of their dispersion through the organic matrix28. However, the in situ 
precipitation of the filler in the polymer results in a more homogeneous material28. Moreover, 
the sol-gel method allows to control the size of the inorganic particles by variation of the 
preparation conditions (pH, temperature, concentration of starting components, etc.). The size 
of the inorganic particles should not be overlooked: it has been recently demonstrated that the 
dimension of the PWA-bearing silica particles influences considerably the performances of 
the composite membranes29. Moreover Ramani et al.30 reported that, in the preparation of 
Nafion composite membranes, the stabilization of PWA is more effective when the inorganic 
support derives from the sol-gel process of alkoxide precursors rather than commercially 
available silica gels.  
In this Chapter we present a new approach in the preparation of silica-based nanocomposite 
proton exchange membranes doped with phosphotungstic acid. The creation of the silica 
phase and the incorporation of PWA occur simultaneously to membrane formation, via the in 
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situ sol-gel process of a silica network former. PWA catalyzes, as well as the acid groups of 
the ionomer, the conversion of the silica precursor and, once the membrane is formed, it is 
trapped within the silica particles. Sulfonated poly(ether ether ketone) (SPEEK) (see Scheme 
4.1) is selected as organic polymer matrix because, compared to the perfluorosulfonated 
benchmark Nafion, it has lower production costs and it is believed to be more suitable for 
eventual application in direct methanol fuel cells31.  
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 K. D. Kreuer; On the development of proton conducting polymer membranes for hydrogen and methanol fuel 
cells, J. Membr. Sci., 2001, 185, 29. 
Scheme 4.1 Structures of the compounds used for the preparation of hybrid membranes. 
Left: structure of the Keggin unit (KU) of phosphotungstic acid – [PW12O40]3-. This KU 
consists of the central PO4 tetrahedron surrounded by four W3O13 sets linked together through 
oxygen atoms. Each W3O13 set is formed by three edge-sharing WO6 octahedra. As an example, 
the atoms forming one set are highlighted in grey. Four types of oxygen atoms can be 
distinguished. The central oxygen atom belonging to the PO4 tetrahedron is shared by the three 
tungsten atoms of the set. The edge-sharing oxygen atoms bridge two tungsten atoms of the 
same set. The corner-sharing oxygen atoms bridge two tungsten atoms of different sets. The 
terminal oxygen atoms are associated with a single tungsten atom. 
Right-top: structure of the silica precursor, the hyperbranched polyethoxysiloxane (PEOS). 
Right-bottom: repeat unit of sulfonated poly(ether ether ketone) (SPEEK). 
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Different from what is usually reported in the literature, we propose the use of 
polyethoxysiloxane (PEOS) (see Scheme 4.1) as silica precursor instead of low molecular 
weight, volatile silica precursors such as tetraethoxysilane. PEOS is a liquid hyperbranched 
inorganic polymer of low viscosity with brutto formula SiOx(OEt)4-2x where x can be 
calculated from 29Si NMR or elemental analysis32. The PEOS synthesized in our laboratories 
via a one-pot synthetic reaction of TEOS and acetic anhydride offers several advantages 
compared to its monomeric equivalent TEOS. For example, besides being soluble in several 
organic solvents, PEOS has remarkable thermal stability (degradation starts at 260 °C), its 
ethoxy end-groups can be easily functionalized and its conversion in silica requires less water 
molecules compared to TEOS. This makes PEOS an interesting candidate for the creation of 
new industrially relevant silica-based nanocomposites from solution and from the melt33,34.  
To the best of our knowledge the preparation of membranes from SPEEK-PEOS-PWA 
solutions has not been previously reported. Therefore with this study we investigate the 
feasibility of our approach and we lay the foundations for future studies on polymer 
electrolyte membranes based on PEOS. Various SPEEK-silica composite membranes doped 
with different amounts of PWA are prepared. The doping agent is introduced at two different 
stages of the preparation. The obtained membranes are characterized by means of 
transmission electron microscopy, proton conductivity measurements and fuel cell tests. 
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4.2 Experimental section 
4.2.1 Materials 
Polyetheretherketone (PEEK) Victrex 450 PF powder form (particle size less than 100 µm) 
was kindly provided by Victrex. PEEK was dried in vacuum at 60 °C over P2O5 overnight 
before use. Sulfuric acid 95-97 wt% (pro analysis, Merck), tetraethoxysilane (TEOS, for 
synthesis, Merck), acetic anhydride (for synthesis, Merck), tetraethyltitanate (purum, Fluka), 
dimethylacetamide (DMAc, for synthesis, Merck), and phosphotungstic acid      
H3PW12O40·29 H2O (PWA, Fluka) were used as received. Nafion 112 membrane was kindly 
provided by DuPont.  
4.2.2 Polymer synthesis 
Poly(ether ether ketone) was sulfonated up to 64 % degree of sulfonation using concentrated 
sulfuric acid (95-97 %) as described in "Procedure 2" given in Chapter 2. PEEK (15 g) was 
dissolved in H2SO4 (300 mL) at room temperature (RT). The dissolution took ca 1 h. The 
temperature was then increased to 50 °C. The reaction was stopped after 5 ½ hours by 
precipitating the solution in an ice-water bath. Subsequently the precipitate was repeatedly 
washed in demineralized water and then dried. 
Polyethoxysiloxane was prepared from an equimolar reaction of TEOS and acetic anhydride 
in the presence of tetraethyltitanate used as catalyst (0.3 mol %), as described in Chapter 2 
and in Ref. 32. The low volatile fraction developed during synthesis of PEOS were removed 
with a thin film evaporator, and only the high molecular weigh fraction was used for 
membrane preparation ( nM = 1740 g/mol; SiO2 content = 48 wt%). 
4.2.3 Membrane preparation 
The membranes were formed from solutions containing SPEEK, PEOS, and PWA via 
centrifugal casting. The centrifugal casting is thoroughly described in Chapter 2 of this thesis 
and in Ref.33. Samples of two types were prepared: in Type I PWA was introduced within 
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the SPEEK-PEOS solutions at the beginning of the stirring time, while in Type II PWA was 
introduced just before membrane casting. For each type, a typical example of the preparation 
is presented. 
Type I: SPEEK (0.35 g, 1.03 mmol; DS = 64 %) was dissolved at RT in DMAc (2 mL), 
PEOS (0.19 g, 1.5 mmol) was dissolved in methanol (0.5 mL), and PWA (0.0095 g, 3.3×10-3 
mmol, 5 wt% of PEOS) was dissolved in methanol (0.5 mL). The PEOS and the PWA 
solutions were shortly mixed and then added to the SPEEK solution. The formed solution was 
mixed with a magnetic stirrer at RT for 120 minutes and then poured into a rotating beaker 
mounted on a centrifuge. The spinning system was heated to 100 °C and kept for 40 min, 
followed by 30 min at 120 °C. This sample was named “SP-PE-PWA.2-I”. 
Type II: SPEEK (0.35 g, 1.03 mmol; DS = 64 %) was dissolved at RT in DMAc (2 mL), and 
PEOS (0.19 g, 1.5 mmol) was dissolved in methanol (0.5 mL). The two solutions were mixed 
with a magnetic stirrer at RT for 110 min. Then a solution of PWA (0.0095 g, 3.3×10-3 mmol, 
5 wt% of PEOS) in methanol (0.5 mL) was added, followed by stirring for extra 10 min. For 
the rest, the preparation is identical to Type I. This sample was named “SP-PE-PWA.2-II”. 
A membrane based on pure SPEEK (hereafter "SP") and a membrane based on SPEEK and 
PEOS without PWA (hereafter "SP-PE") were also prepared for comparison purposes.  
All membranes were approximately 30 – 40 µm thick.  
In our nomenclature of the membranes, "SP" is the abbreviation of SPEEK, "PE" of PEOS, 
the number corresponds to the weight percentage of PWA within the final membrane, and "I" 
and "II" identify the two preparation procedures, i.e. the moment at which PWA was 
introduced in the solution. The amounts of SPEEK (0.35 g), PEOS (0.19 g) and the solvents 
(2 mL DMAc; 0.5 + 0.5 mL MeOH) were fixed for all samples and they are not specified in 
the nomenclature. As regards phosphotungstic acid, three different quantities were used. For 
the preparation of the solutions, PWA was dosed in relation to the PEOS that was used: 5, 30, 
and 50 wt%. Once PEOS is fully converted in silica, these quantities correspond to 2.1, 11.5, 
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and 17.8 % of the weight of the formed membrane. In the name of the samples we specified 
the latter numbers, rounded to 2, 12, and 18, respectively.  
Knowing that the SiO2 content in the PEOS synthesized as described35 is 48 wt%, the chosen 
amount of PEOS (0.19 g) should result in ca 0.09 g of silica.  
The details of all the membranes are reported in Table 4.1. 
Table 4.1  
Details of membranes preparation. 
 
Sample name PWA  SPEEK/silica/PWA 
(wt%) (b) 
PWA/silica 
(wt%) (b) 
Appearance 
(g) (wt%) (a) 
SPEEK - - - - transparent 
SP-PE - - 79.3 / 20.7 / 0  0 / 100 opalescent 
SP-PE-PWA.2-I 0.0095 5 77.7 / 20.2 / 2.1 9.5 / 90.5 translucent 
SP-PE-PWA.12-I 0.057  30 70.4 / 18.1 / 11.5 39 / 61 translucent 
SP-PE-PWA.18-I 0.095  50 65.4 / 16.8 / 17.8 51.5 / 48.5 translucent 
SP-PE-PWA.2-II 0.0095 5 77.7 / 20.2 / 2.1 9.5 / 90.5 translucent 
SP-PE-PWA.12-II 0.057 30 70.4 / 18.1 / 11.5 39 / 61 translucent 
SP-PE-PWA.18-II 0.095 50 65.4 / 16.8 / 17.8 51.5 / 48.5 translucent 
 (a) The amount of PWA is given as weight percentage of the used PEOS. 
(b)
 The percentages are calculated assuming full conversion of PEOS in silica. 
 
4.2.4 Morphology 
The morphology of the membranes was investigated by transmission electron microscopy 
(TEM). For TEM analysis, the samples were immersed in a liquid epoxy resin (SPURR-kit, 
soft formulation, Sigma-Aldrich) and then hardened at 50 °C for 48 h. The embedded samples 
were microtomed at room temperature using a Reichert Ultracut microtome equipped with a 
diamond knife. The ultra thin sections (50-100 nm) were collected on plain copper grids (400 
mesh). The Zeiss Libra120 TEM operated at 120 kV was used to examine the sections. In all 
the samples, the contrast between the inorganic phase and the polymer was sufficient for 
imaging. Although the grids were not coated with a carbon-sputtered film, the thin sections 
were stable under the electron beam. The features with dimensions less than 10 nm could be 
unambiguously interpreted as silica or PWA-silica domains without being mistaken for 
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 Chapter 2 of this thesis. 
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particles derived from the carbon sputtering. The bright areas that were observed in some 
TEM images were interpreted as empty spaces, derived from the displacement of the silica 
particles from their position during microtoming. 
4.2.5 Proton conductivity 
The bulk proton conductivity of the membranes was measured by electrochemical 
impedance spectroscopy (EIS) via two different procedures. For both procedures, the 
samples were rinsed in demineralized water at 60 °C for one day and stored in water at RT 
until measurements.  
Procedure 1: Longitudinal conductivity at 90 % relative humidity (RH) 
The measurements were performed in the longitudinal direction of the membranes over a 
frequency range of 1·10-1 - 5·106 Hz and at amplitude of 20 mV, using the Electrochemical 
Workstation IM6 (Zahner-Elektrik GmbH & Co. KG, Germany) connected to the "Membrane 
Conductivity and Single Cell Test System BT-552" (BekkTech, USA). The measurement cell 
used in this system is based on the four-electrode geometry (inner electrodes = platinum wire; 
outer electrodes = platinum gauze), that allows to separate membrane-electrode contact 
phenomena from the bulk conductivity. The measurements were performed under a nitrogen 
flow of 500 standard cubic centimeters per minute (sccm) and pressure of 230 kPa, in the 
temperature range between 40 and 100 °C, while keeping constant (90 %) the relative 
humidity. For each temperature step of each heating or cooling cycle, the system was 
equilibrated for a period of two hours at the end of which five spectra were acquired. The 
Thales 3.16 software (Zahner-Elektrik) was used for impedance data collection and analysis. 
The conductivity of the sample measured in the longitudinal direction was calculated using 
the relation σ = d/RA, where d and A are the distance between the inner electrodes and the 
cross sectional area of the membrane, respectively, and R is the resistance derived, via 
nonlinear fit, from the impedance data from the frequency- interval 400-10000 Hz using a 
simple parallel RC-model.  
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Typically, the samples were strips ca 30 µm thick and 12.5 mm wide. Just before measuring, 
the sample was removed from water, dried on filter paper and left for several minutes at 
ambient conditions. At the end of the experiment, the thickness and width of the sample were 
measured and used for conductivity calculations. 
 
Procedure 2: Transverse conductivity at 60 % relative humidity (RH) 
The proton conductivity measurements were executed with a Zahner-Elektrik IM6 impedance 
analyzer. The frequency range was 102-106 Hz and the perturbation potential applied was 10 
mV. A commercial single cell (5 cm2) from ElectroChem was used for the conductivity 
measurement in the membrane transverse direction. The membrane with an area larger than 5 
cm2 was placed between two pieces of carbon paper, and then assembled in the cell by 
clamping it within the graphite blocks and the current collectors with a torque at 2 N·m. The 
relative humidity for all the measurements was kept at 60%, which was controlled by passing 
a nitrogen flow saturated with water vapor through the cell. The impedance data were 
recorded every half hour until the values reached a steady state (the variation of the membrane 
resistance less than 2%). 
The resistance was derived from the intersect of the high frequency semi-circle on a complex 
impedance plane with the Re(Z) axis. The impedance data were corrected for the contribution 
from the empty and short-circuited cell. 
 
4.2.6 Direct methanol fuel cell perfromance 
The direct methanol fuel cell (DMFC) performance was investigated in the same single cell 
used for conductivity measurements in the transverse direction (see above).  Supported Pt-Ru 
(1:1 atomic ratio)/C (30 wt%, E-TEK) and Pt/C (30 wt%, E-TEK) were used as anode and 
cathode catalysts, respectively. The noble metal loading for both cathode and anode was 2 
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mg/cm2. The catalyst inks were prepared by directly mixing the supported catalysts, Millipore 
water, and a 10% Nafion ionomer solution. The Nafion/catalysts weight ratio was equal to 
30/70. The suspension was treated in an ultrasonic bath for 15 min and then stirred at room 
temperature for 2 days. The ink was subsequently spread onto the Teflon-treated carbon paper 
and dried in air. Nafion 112 or the SPEEK composite membranes were placed between two 
electrodes and mounted into the single cell with a torque at 2 N·m. The active surface area of 
the membrane electrode assembly was 5 cm2. In the DMFC testing, the cell was operated at 
atmospheric pressure in the temperature range between 60 and 90 °C by feeding 1.0 M 
methanol solution to the anode and dry oxygen to the cathode. Methanol solution was 
prepared by mixing spectroscopy-grade methanol with Millipore water. Typical flowrates for 
the methanol solution and oxygen were 2 mL/min and 200 sccm, respectively. Both 
polarization curves and impedance data were collected at the Zahner- Elektrik IM6 impedance 
analyzer. Before recording the data, the cell was first run overnight at open circuit potential 
(ocp) at room temperature to hydrate the membrane, and then conditioned at 70 °C with 20 
mA and 100 mA. Each conditioning step took 2 h. The cathode impedance data was obtained 
by subtraction of the anode impedance from the fuel cell impedance, while the anode 
impedance was recorded by running the cell with MeOH at the anode and H2 instead of O2 at 
the cathode according to the method proposed by Mueller et al.36. The frequency range was 
5·10-3 – 2·103 Hz and the applied perturbation potential was 10 mV. 
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4.3 Results and discussion 
Hybrid sulfonated poly(ether ether ketone)-silica-phosphotungstic acid membranes (SPEEK-
silica-PWA) were prepared from solutions of SPEEK and poylethoxysiloxane (PEOS) in the 
presence of PWA. PEOS was used as liquid silica precursor and PWA as proton conductivity 
enhancer. Due to the presence of water molecules in its structure and to its strong acidity, 
PWA contributes to the conversion of PEOS in silica21,30,37. Once the silica particles are 
formed, it is believed that the PWA particles are therein entrapped37. The embedding of PWA 
within the silica is further stabilized by strong electrostatic interactions between charged 
silanol groups and the polyanions of PWA 19,20. It was therefore of interest to investigate 
whether the introduction of PWA at different stages of membrane preparation influences the 
membranes morphology and/or the anchoring of PWA to the silica particles and the proton 
conductivity. In Table 4.1 the expected relative amounts of inorganic fillers within the 
membranes are summarized. 
4.3.1 Membrane preparation and appearance 
All SPEEK-PEOS-PWA-solutions were clear. The miscibility of the hydrophobic PEOS with 
the more hydrophilic SPEEK solution is favored by dissolving PEOS in a suitable solvent 
(DMAc or MeOH). Our working hypothesis is that, during membrane formation, the full 
conversion of PEOS in silica is promoted by three main factors: i) the heat applied for solvent 
evaporation/membrane formation; ii) the water molecules in the PWA structure 21,30, together 
with the water present in the air and in the solvent; iii) the catalytic action of PWA37 and of 
the sulfonic acid groups in SPEEK.  
The appearance of the hybrid membranes was judged qualitatively from a mechanical and 
optical point of view. Independent from the amount of PWA introduced, all membranes were 
tough and flexible, i.e. they did not break upon bending or pulling. The sample prepared 
                                                 
37
 I. Honma, S. Nomura and H. Nakajima; Protonic conducting organic/inorganic nanocomposites for polymer 
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without PWA, SP-PE, was opalescent, meaning that it was possible to see very clearly 
through it although it had a slight pearly color. The pearly coloration became more intense in 
the membranes containing PWA, indicating an increase in size of the inorganic domains 
above the light scattering limit. These membranes are described as translucent, since it was 
possible to distinguish shapes through them. These qualitative observations show that PWA 
affects the dimension of the inorganic particle although it is not possible to conclude on the 
effect of different amount of PWA or of different preparation methods.  
4.3.2 Membranes morphology 
The bulk morphology of the SPEEK-silica and SPEEK-silica-PWA membranes was analyzed 
by TEM. The description of the morphology is based on the TEM images reported in the 
following. First of all, Figure 4.1 shows the morphology of sample SP-PE prepared without 
PWA. The silica particles in this sample showed broad size distribution. Elongated silica 
particles in the range of 50-130 nm (length) distributed uniformly over the entire sample 
together with ultrasmall spherical particles (3-12 nm) that were well visible in the image with 
a higher magnification (Figure 4.1 right). The large amount of silica particles in the size range 
above 100nm explains the slightly pearly coloration of the membrane.  
A possible explanation of the formation of silica particles with multimodal size distribution 
follows. When the hydrophobic ethoxy groups of PEOS are not hydrolyzed, PEOS tends to 
segregate from SPEEK, which, thanks to its sulfonic acid groups, has a hydrophilic character. 
This is especially true when the common solvent that keeps SPEEK and PEOS physically 
close to each other starts to evaporate upon heating and membrane formation. 
However, upon hydrolysis and formation of silanol end-groups with hydrophilic character, the 
phase segregation between the silica precursor and SPEEK is reduced. Therefore we could 
speculate that the smaller silica particles result from reduced phase separation between 
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SPEEK and the hydrolyzed PEOS, while the bigger inorganic domains result from stronger 
phase separation between the sulfonated polymer and the unconverted silica precursor. 
 
 
 
 
 
Once the solvent is removed and the system is vitrified, the position and the dimension of 
domains are fixed and the transformation in silica can be completed in time. We should also 
consider that the bigger silica particles could derive from the aggregation of smaller particles 
that formed in solution.  
In the presence of the solvent, the smaller particles can move towards each other and 
aggregate in bigger domains. However, it is not possible to distinguish whether the bigger 
silica particles derive from particles aggregation or from strong SPEEK-PEOS phase 
separation. The bigger particles are characterized by a broad size distribution (50-130 nm). 
This result might indicate that the hydrolysis of the PEOS end-groups did not occur 
uniformly.  
Figure 4.1 TEM images at different magnifications (left= 10000x; right= 50000x) of the
SPEEK-silica membrane prepared from a SPEEK-PEOS solution in DMAc with 35 wt% of 
PEOS (sample SP-PE). The images were acquired at the Libra120 TEM operated at 120 kV. 
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The addition of PWA to the SPEEK-PEOS solutions leads to the formation of hybrid 
membranes whose morphology differs from sample SP-PE, especially as regards particles 
dimension. In Figure 4.2 the samples belonging to Type I and Type II (see definition in the 
Experimental part), are paired up based on the amount of PWA used. 
As for sample SP-PE, the morphology of samples SP-PE-PWA.2-I and SP-PE-PWA.2-II is 
characterized by multimodal size distribution of the inorganic domains. At lower 
magnification (10000x) particles up to 260 nm are well visible, while at higher magnification 
(50000x) ultrasmall particles in the 10nm-range can be distinguished in the matrix of both 
samples as shown in Figure 4.3. The introduction of a small amount of PWA (5 wt% of liquid 
PEOS or 2 wt% of the final solid content) leads to an increase in particles size compared to 
the sample without PWA. Bigger nanoparticles with a broader size distribution compared to 
SP-PE formed in both SP-PE-PWA.2-I (30-260 nm vs. 50-130 nm) and in SP-PE-PWA.2-II 
(50-175 nm). Ultrasmall nanoparticles were also observed in the doped samples (in the 2-13 
nm range). 
The increase in particles size is attributed to the catalytic action of phosphotungstic acid on 
the hydrolysis and condensation of PEOS. The presence of PWA in the solution promotes the 
hydrolysis and condensation of particles already before membrane casting. We could 
speculate that the longer the presence of PWA in solution, the bigger the size of the particles 
and the wider the size range in the formed membrane. This would explain the appearance of 
larger particles size range in SP-PE-PWA.2-I compared to that in SP-PE-PWA.2-II.  
Figure 4.2 (Next page) TEM images of SPEEK-silica-PWA membranes prepared from 
solutions of SPEEK-PEOS (PEOS = 35 wt%) and different amount of PWA. 
Left column: Type I membranes, with PWA introduced at the beginning of mixing. Right 
column: Type II membranes with PWA introduced at the end of the mixing.  
From top to bottom: 2, 12, 18 wt% of PWA in the membrane. 
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Figure 4.3 High magnification details of the samples prepared with 2 wt% of PWA. 
Left: SP-PE-PWA.2-I. Right: SP-PE-PWA.2-II. 
 
 
Further addition of PWA in the SPEEK-PEOS solution leads to the formation of substantially 
bigger silica particles, as shown in Figure 4.2. Sample SP-PE-PWA.12-I and sample SP-PE-
PWA.12-II are characterized by elongated and spherical silica particles, having dimensions 
290-560 nm and 330-500 nm, respectively. Also in this case, the introduction of PWA in 
solution from the beginning of the stirring time seems to result in a wider size range of the 
silica particles. 
When introducing 50 wt% of PWA to PEOS, the size of the silica particles increases 
tremendously. The presence of such amount of PWA (18 wt% of the total solid content of the 
membrane) seems to level off the effect of the preparation procedure. Sample SP-PE-
PWA.18-I has oval silica domains (360-1060 nm) that differ only slightly from sample SP-
PE-PWA.18-II (440-1120 nm). Such slight difference could be attributed to little errors in the 
measurements of particles dimensions, and the samples are described as having the same 
morphology.  
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Inspection on the samples by the two preparation procedures has shown that the 
morphological differences of the composite membranes become less pronounced with 
increasing amounts of PWA. These differences are not considered dramatic. 
At the present stage of our investigation we conclude that the moment in which PWA is 
introduced in the solution does not have significant impact on sample morphology. 
Nevertheless the use of PWA in the preparation of PEOS-based hybrid samples influences the 
final morphology.  
Phosphotungstic acid has a catalytic effect on the hydrolysis of PEOS end-groups. The 
hydrolysis rate of ethoxy groups grows with the amount of PWA. The presence of the 
hydrophilic silanol groups should reduce the phase separation between SPEEK and PEOS, 
and therefore the size of the inorganic domains. However, when the system is still mobile, 
some small particles can move towards each other and form aggregates. In all cases, these 
aggregates are bigger in size but smaller in number compared to the sample without PWA and 
their size grows with the increasing amount of PWA. We can deduce from the TEM images in 
Figure 4.2 that the hydrolysis of PEOS and the subsequent particles formation and 
aggregation occurs within few minutes in the presence of 30 or 50 wt% of PWA. When the 
SPEEK-PEOS-PWA solutions are stirred for longer time, some kind of surface charge 
inducing electrostatic stabilization seems to prevent the aggregates from moving towards each 
other and creating larger agglomerates.  
4.3.3 Proton conductivity 
The bulk proton conductivity was determined by means of impedance spectroscopy. The 
conductivity was measured both in the longitudinal and in the transverse direction38. The 
measurements performed in the transverse direction resemble the actual direction of ionic 
motion through a membrane mounted in a fuel cell. The most convenient way to determine 
                                                 
38
 R. F. Silva, M. De Francesco and A. Pozio; Tangential and normal conductivities of Nafion membranes used 
in polymer electrolyte fuel cells., J. Power Sources, 2004, 134, 18. 
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the transverse conductivity is via the so called two-probe method, where the flow of current 
and the measuring of voltage drop occur simultaneously trough the same two electrodes39. 
However, when a material is characterized via this method, interfacial effects contribute to the 
impedance values and the actual impedance of the sample has to be extracted using 
mathematical models of the membrane-electrode assembly. The contact phenomena can be 
separated from the bulk properties when using the so called four-probe method, in which the 
current flows through a pair of outer electrodes, while the voltage drop is registered between 
two inner electrodes39. Although some research groups have applied the four-probe method 
for measuring the transverse conductivity40,41, we measured the transverse conductivity via 
the more practical two-probe method. 
The two-probe method can be conveniently used to measure samples with high resistance 
(above 106 Ω), i.e. when the resistance of the other components of the measuring set-up can 
be neglected39. It is known that for polymer electrolyte membranes based on SPEEK the 
resistance increases with decreasing water content within the sample or decreasing relative 
humidity (RH) within the cell. The two-probe method is therefore suitable to measure the 
conductivity of the samples upon low RH.  
The four-probe method is mainly applied to measure the longitudinal conductivity and can be 
conveniently used for the screening of ion conductive materials with low resistance, even in 
case of slightly anisotropic materials. The determination of proton conductivity via this 
method is more straightforward although in general it leads to higher values of proton 
conductivity than the two-probe method. 
In the following we present the results of impedance spectroscopy measurements performed 
on SPEEK-silica-PWA membranes via two procedures: i) longitudinal measurements at 90 % 
                                                 
39
 C. H. Lee, H. B. Park, Y. M. Lee and R. D. Lee; Importance of proton conductivity measurement in polymer 
electrolyte membrane for fuel cell application, Ind. Eng. Chem. Res., 2005, 44, 7617. 
40
 S. Ma, Z. Siroma and H. Tanaka; Anisotropic conductivity over in-plane and thickness directions in Nafion-
117, J. Electrochem. Soc., 2006, 153, A2274. 
41
 K. Wiezell, P. Gode and G. Lindbergh; Steady-state and EIS investigations of hydrogen electrodes and 
membranes in polymer electrolyte fuel cells. II. Experimental, J. Electrochem. Soc., 2006, 153, A759. 
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RH via four-probe method and ii) transverse measurements at 60 % RH via two-probe 
method. Independently from the method, the samples were soaked in water for one day at 60 
°C to allow hydration and they were kept in water at RT prior to the measurement. 
 
Longitudinal conductivity at 90 % RH (four-probe method) 
The longitudinal conductivity of hybrid SPEEK-silica-PWA membranes was measured at 
increasing temperature and 90% relative humidity. Samples SPEEK and SP-PE were 
measured as references. Two consecutive heating cycles were performed for all samples. The 
results are shown in Figure 4.4, and Figure 4.5. 
 Figure 4.4 shows the proton conductivity for both heating cycles of the pure ionomer, 
of the hybrid SPEEK-silica membrane without phosphotungstic acid, and of a selected sample 
with phosphotungstic acid.  
 Figure 4.5 shows the proton conductivity measured during the second heating cycle of 
all the samples. The differences between the two membrane preparation procedures are 
highlighted. 
The discussion and possible interpretation of the results follow the figures. Moreover, Table 
4.2 reports for all samples the conductivity values at 60 and 100 °C, and the indicative values 
of the apparent energy of activation for the proton transport process. 
 
The proton conductivity for both heating cycles of SPEEK, SP-PE and SP-PE-PWA.2-I is 
shown in Figure 4.4. The lines are drawn as guideline for the eyes. The dotted lines highlight 
the conductivity trends of the samples during the first heating cycle, while the solid lines put 
in evidence the trends during the second heating cycle.  
 
 
95 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The proton conductivity of all samples increased in the given temperature range, showing that 
in these membranes the conductivity is a thermally activated process. The first interesting 
result deduced from Figure 4.4 is that the presence of a non conductive filler such as the silica 
originated from polyethoxysiloxane, did not compromise the conductivity of the ionomer 
(compare sample SPEEK with SP-PE). On the contrary it provided more efficient proton 
transport in the complete range of temperatures and during both heating cycles. This effect 
could be due to an increase of silanol moieties that generate a path for proton hopping and 
enhanced water retention thus compensating for the decrease of the effective number of acidic 
sites – the sulfonic acid groups of SPEEK- per volume unit. However the increase in proton 
conductivity could be also due to miscrostructural changes of SPEEK42.  
                                                 
42
 G. Alberti and M. Casciola; Composite membranes for medium-temperature PEM fuel cells, Annu. Rev. 
Mater. Res., 2003, 33, 129. 
Figure 4.4 Longitudinal proton conductivity (four-probe method) of selected samples 
measured at 90% RH during two consecutive heating cycles as a function of temperature. 
■ and ■ = SPEEK 1st and 2nd heating; ● and ● = SP-PE 1st and 2nd heating; 
▲and▲= SP-PE-PWA.2-I 1st and 2nd heating.  
The lines are drawn as guidelines for the eyes. The dotted lines highlight the conductivity 
trends of the samples during the first heating cycle, while the solid lines refer to the second 
heating cycle.  
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The microstructure of SPEEK has been described by the presence of hydrophobic/hydrophilic 
phase separation43. The hydrophobic domains are generated by the aromatic backbone, while 
the hydrophilic domains derive from the aggregation of sulfonic acid groups. Compared to 
Nafion, the hydrophobic/hydrophilic phase separation of SPEEK is less pronounced, resulting 
in narrower, less separated, highly branched and less interconnected hydrophilic channels 
passing through hydrophobic domains43. Due to its microstructure, SPEEK shows lower 
proton conductivity at low hydration levels and stronger dependence of the proton 
conductivity on the content of water than Nafion. It is possible that the in situ transformation 
of the hydrophobic liquid polyethoxysiloxane in the more hydrophilic silica influences the 
size, the interconnectivity and the degree of branching of the SPEEK hydrophilic channels 
within the hydrophobic domains thus offering new paths for the transport of protons.  
 
Another striking result derived from Figure 4.4 is that for all the samples the slope of the 
conductivity curves decreased considerably after the first heating cycle. Also Alberti and 
coworkers observed a decrease in the slope of the conductivity plots for SPEEK samples 
when performing consecutive heating/cooling cycles44. In an attempt to explain such 
phenomenon, they assumed that the interaction forces between the polymeric chains decrease 
gradually with increasing temperature, thus favoring a greater hydration of the polymer for a 
given constant value of relative humidity44. This explanation seems plausible also in the case 
of our hybrid membranes. If the sample hydration improves, the conductivity is also expected 
to increase. This effect is visible for SPEEK and SP-PE-PWA.5-start, especially at lower 
temperatures. However, at 100 °C, the conductivity of these two samples is almost identical in 
both cycles, probably because the samples start to dehydrate at this temperature. The increase 
                                                 
43
 K. D. Kreuer; On the development of proton conducting polymer membranes for hydrogen and methanol fuel 
cells, J. Membr. Sci., 2001, 185, 29. 
44
 G. Alberti, M. Casciola, L. Massinelli and B. Bauer; Polymeric proton conducting membranes for medium 
temperature fuel cells (110-160°C), J. Membr. Sci., 2001, 185, 73. 
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in proton conductivity at room temperature as a consequence of repeated heating cycles was 
observed also by other research groups45.  
Surprisingly, the conductivity of sample SP-PE during the second heating cycle not only did 
not improve, but between 70 and 100 °C it was even lower than the first cycle. The acidic 
functional group of SPEEK is expected to be easier hydrated than a silanol group42. Therefore 
better hydration of the unfilled ionomer compared to SP-PE after repeated cycles can be 
foreseen. However, this does not explain the decrease in conductivity for SP-PE. Interestingly 
it seems that the conductivity at 100 °C of SP-PE in the second cycle not only did not drop, 
but also it did not reach a plateau, indicating that the sample did not dehydrate. These effects 
will be object of future investigations. 
 
The addition of small amount of PWA to the SPEEK-PEOS solution (5 wt% of liquid PEOS, 
2 wt% in the final membrane) lead to the expected increase of proton conductivity. At the end 
of the first heating cycle, the proton conductivity of SP-PE-PWA.2-I at 100 °C is ca 3 times 
higher than pure SPEEK and ca 1.5 times SP-PE. After the second cycle, it is ca 3 times 
higher than SPEEK and ca 2 times SP-PE. Despite the increased particles size of sample SP-
PE-PWA.2-I compared to SP-PE, the conductivity of the former was higher. This effect is 
attributed to the presence of the PWA doping agent.  
 
The influence of variable amounts of PWA on the proton conductivity is further shown in 
Figure 4.5, where samples SPEEK and SP-PE are plotted as references. The effect of the 
sample preparation procedure is shown by plotting the membranes prepared by introducing 
PWA in solution either at the beginning of the stirring time (Type I) or few minutes before 
film casting (Type II). Figure 4.5 shows the conductivity of all samples as a function of 
temperature (Type I = solid lines; Type II = dotted lines). In this figure we depict the results 
                                                 
45
 T. Fujinami, D. Miyano, T. Okamoto, M. Ozawa and A. Konno; Proton conducting borosiloxane-poly(ether-
sulfone) composite electrolyte, Electrochim. Acta, 2004, 50, 627. 
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of the second heating cycle, since during this cycle the system is in a steady state. Indeed the 
first cycle “erases” part of the preparation history and further thermal cycles do not produce 
more conductivity changes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The most striking results of Figure 4.5 are that the proton conductivity does not show linear 
dependence on the PWA content and that the conductivity of Type I membranes is higher than 
the corresponding Type II.  
One could expect that higher amounts of doping agent provide higher conductivity. However 
it has been shown by the TEM images in Figure 4.2 that increasing amount of PWA provokes 
a tremendous increase in particles size that, ultimately, has detrimental effect on the proton 
conductivity. Indeed if the proton transport occurs via a Grotthuss-like mechanism, i.e. via 
proton hopping along a hydrate network, the interfacial contact area between the ionomer and 
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Figure 4.5 Longitudinal proton conductivity (four-probe method) measured at 90% RH during 
the second heating cycle as a function of temperature of Type I and Type II hybrid membranes. 
The pure ionomer and the hybrid membrane without PWA are drawn as references.  
The lines are drawn as guidelines for the eyes. The solid lines refer to Type I samples, while the 
dotted lines refer to Type II. ▲and▲ = SP-PE-PWA.2-I and SP-PE-PWA.2-II;  
■ and ■ = SP-PE-PWA.12-I and SP-PE-PWA.12-II; ● and ● = SP-PE-PWA.18-I and SP-PE-
PWA.18-II. × = SPEEK;     = SP-PE. 
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the PWA-doped silica filler should be increased to enhance the conductivity. Therefore the 
size of the inorganic particles should be the smallest possible. Ramani et al.29 showed that 
when Nafion membranes were doped with PWA particles, large, micron-sized particles acted 
merely as filler, blocking existing pathways for proton conduction and decreasing membrane 
conductivity. On the other hand, small, nano-sized PWA particles were able to bridge the 
ionic clusters of Nafion more effectively, promoting proton hopping even at low relative 
humidity. In our investigation, the better performances of the samples with the lowest PWA 
content compared to the corresponding samples with higher doping levels is attributed to the 
smaller size of the inorganic particles.  
 
A possible explanation for the lower conductivity of Type II samples compared to the 
corresponding Type I is given in the following. We assume that, when phosphotungstic acid is 
mixed in SPEEK-PEOS solution for longer times, the incorporation of the doping agent and 
its anchoring to the silica framework is favored. If PWA is not anchored to the silica, it could 
be flushed out of the sample during the rinsing procedure (sample immersed in water at 60 °C 
for one day). Moreover, if during repeated heating cycles the membrane becomes more 
hydrated, the free PWA could dissolve in the water of hydration. From the results of Figure 
4.5 we can conclude that in Type II membranes PWA did not have enough time to anchor to 
the silica particles and it was flushed during rinsing and/or measuring, thus provoking a loss 
of proton conduction. The decrease in conductivity due to the loss of PWA is more marked 
when the size of the inorganic particles increases. For example, the conductivity at 60 °C of 
sample SP-PE-PWA.18-II (particles 440-1120 nm) is, after the first cycle, three times lower 
than sample SP-PE without PWA, which has much smaller silica particles (50-130 nm).  
As expected, for most samples the proton conductivity at 100 °C is higher than at 50 °C. 
Dehydration, which normally results in a loss of proton conduction, can occur around 100 °C. 
For the samples where the conductivity does not drop at 100 °C, it is assumed that the silica 
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particles fulfilled their function of retaining the water of hydration by binding it to the silanol 
groups. Also in this case, the larger the organic-inorganic interface area, the more efficient is 
the creation of a hydrated path for protons hopping and the higher the conductivity. The drop 
of conductivity at 100 °C observed for some samples is attributed to the ineffective organic-
inorganic interface area.  
 
The conductivities of SPEEK, SP-PE, and all the SPEEK-silica-PWA membranes were 
plotted in Arrhenius coordinates lnσ against 1/T (not shown), where σ is the proton 
conductivity and T the absolute temperature in degree Kelvin. The slope of the Arrhenius 
plots allows estimating the apparent activation energy (Ea) of the proton transport according 
to the equation: lnσ = lnσ0 - RT
Ea
 , with R the universal gas constant. 
However the Arrhenius plots did not follow a straight line over the entire temperature range. 
This was observed also by other research groups that suggested that the charge transfer 
mechanism in the composite membranes is controlled not only by thermally activated 
diffusion46. The water of hydration can exist in different states47 within the SPEEK-silica-
PWA membranes: the bulk (free) water, the water tightly bound to the sulfonic acid groups or 
to the silanol groups, the water at the first level of hydration around those groups (loosely 
bound), and the water of hydration of PWA-silica particles. If the thermal activation of the 
proton exchange depends on the type of water involved, then more than one energy of 
activation can be expected. The thorough understanding of the proton transport mechanisms 
occurring within the composite membranes is beyond the scope of this study. 
 
                                                 
46
 S. D. Mikhailenko, S. M. J. Zaidi and S. Kaliaguine; Sulfonated polyether ether ketone based composite 
polymer electrolyte membranes, Catal. Today, 2001, 67, 225. 
47
 Y. S. Kim, L. Dong, M. A. Hickner, T. E. Glass, V. Webb and J. E. McGrath; State of water in disulfonated 
poly(arylene ether sulfone) copolymers and a perfluorosulfonic acid copolymer (Nafion) and its effect on 
physical and electrochemical properties, Macromolecules, 2003, 36, 6281. 
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With the present research it is our mere intention to compare the performances of the prepared 
SPEEK-silica-PWA membranes. Therefore we selected a temperature range (60-80 °C) where 
the proton conductivity of all samples shows a rather straight line as a function of the 
temperature. The apparent activation energies were extrapolated by linear fitting of Arrhenius 
plots and the values are summarized in Table 4.2. The temperature range used to calculate Ea 
is rather narrow and some samples displayed a complicated conductivity behavior. Therefore 
the given indicative values of Ea are not considered absolute values.  
 
The results confirmed once more that the proton transport within Type I membranes is 
activated differently than Type II despite the similar morphology between the two series. The 
most striking results regarding the apparent energies of activation are: i) during the first 
heating cycle, the values in Type I change substantially with the content of PWA while the 
values in Type II are similar despite the change in PWA content; ii) during the first heating 
cycle, the values of Type I membranes are much higher than the corresponding Type II; iii) 
the apparent Ea of Type I decreases dramatically from the first to the second heating cycle 
Table 4.2 
Longitudinal proton conductivity (σ) at 60 and 100 °C and indicative values of the apparent 
energy of activation (Ea) for all samples. The measurements were carried out via the four-
probe method at 90 % RH during two consecutive heating cycles.  
   
Sample 
First heating cycle Second heating cycle 
σ  at 60 °C   
(mS/cm) 
σ  at 100°C   
(mS/cm) 
Ea (*) 
(kJ/mol) 
σ at 60 °C   
(mS/cm) 
σ  at 100°C 
(mS/cm) 
Ea (*) 
(kJ/mol) 
SPEEK 0.82 1.91 26.3 1.70 2.21 10.0 
SP-PE 1.99 4.12 27.6 2.31 3.00 10.7 
SP-PE-PWA.2-I 2.15 6.21 46.1 3.64 6.25 17.0 
SP-PE-PWA.12-I 0.62 4.21 20.7  3.54 5.28 16.5 
SP-PE-PWA.18-I 1.57 4.12 65.1 3.06 3.16 21.9 
SP-PE-PWA.2-II 2.26 7.17 21.6  3.39 3.46 7.0  
SP-PE-PWA.12-II 1.93 1.46 20.0  (a) 1.13 1.27 26.8 (a) 
SP-PE-PWA.18-II 1.25 2.48 24.2 0.81 2.05 26.3 
   (*)
 Ea was calculated from Arrhenius-type plots in the temperature range 60-80 °C. Only in this range the 
conductivity of all membranes followed a straight line in Arrhenius coordinate. The Ea values are merely 
indicative and they are given to allow comparison between the samples.  
(a) The temperature range for the calculation of Ea was restricted to 70-80 °C. 
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while the Ea of Type II membranes are within a similar range in both cycles (except sample 
SP-PE-PWA.2-II). A possible interpretation of the mentioned results follows.  
If during the preparation of SPEEK-silica-PWA membranes PWA does not have time to 
anchor to the silica (Type II) and it is not completely washed out during rinsing, it will be free 
within the membrane. During the first measuring cycle, the presence of free doping agent will 
facilitate the proton transport, eventually compensating for the presence of big silica particles. 
If the membranes get more hydrated after the first measuring cycle, the positive effect of the 
hydration will be compensated by the dissolution of the free PWA in the water of hydration 
and its leaching out. This is probably the reason why the activation energy of Type II 
membranes does not change dramatically from the first to the second cycle. On the other 
hand, when PWA is anchored to the silica particles, during the first measuring cycle the size 
of the particles will be the predominant "negative" factor. The size of the particles will a 
smaller effect on the activation energy of proton transport when the membranes become more 
hydrated during measurements and the PWA is not flushed away. This explains the strong 
decrease of the Ea of Type I membranes after repeated cycles.  
The phenomena briefly presented here deserve thorough future research.   
 
The results shown in Figure 4.4, Figure 4.5, and Table 4.2 allow the following conclusions: i) 
the interaction between PWA and PEOS and therefore the anchoring of PWA to the silica 
support is favored by stirring the SPEEK-PEOS-PWA solutions for longer times (in this 
study: long time = 2 h; short time = 10 min); ii) large silica particles in the micrometer range 
have detrimental effect on proton conductivity; iii) within the composition range presented in 
this study, SP-PE-PWA.2-I shows the best morphology/conductivity performances. In this 
sample, phosphotungstic acid is 2 wt% of the total membrane weight and the weight ratio 
between PWA and silica is 9.5/90.5.  
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Also sample SP-PE-PWA.12-I provided encouraging results (see Table 4.2). In this sample 
phosphotungstic acid is 12 wt% of the membrane weight and the weight ratio PWA/silica is 
39/61. The low initial value of conductivity (0.62 mS/cm at 60 °C) is attributed to the 
opposition of the large silica particles (290-560 nm) to the transport of protons. But by the 
increase of temperature the conductivity increases almost seven times (4.21 mS/cm at 100 
°C). In the second heating cycle the membrane reached probably higher hydration. In these 
conditions, the presence of rather high amount of phosphotungstic acid compensates for the 
large silica particles. It has been previously mentioned that the interfacial area between the 
ionomer and the PWA-doped silica filler should be maximal in order to favor efficient proton 
transport. The rather large size of the silica particles in sample SP-PE-PWA.12-I does not 
provide optimal organic-inorganic interfacial area. It must be assumed that the PWA-silica 
particles are not only concentrated within the big silica domains, but they are also dispersed 
within the organic matrix. This assumption is confirmed by the observation of sample SP-PE-
PWA.12-I via TEM. Ultrasmall spherical particles (3-8 nm) rather close to each other are 
distributed randomly but homogenously over the matrix, as it is well visible in Figure 4.6. It is 
assumed that these particles are silica-supported PWA particles that provide an efficient 
network for proton transport. This ultrafine morphology compensates for the presence of the 
bigger particles. We believe that the membrane performance might be substantially improved 
by increasing the concentration of small PWA-silica particles. This could be achieved by 
changing the preparation conditions and/or by lowering the content of the silica precursor. 
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Transverse conductivity at 60 % RH 
Form the measurements described in the previous paragraph it was derived that the samples 
prepared by introducing phosphotungstic acid at the beginning of the stirring time are more 
stable against the dissolution of the PWA in water and show higher conductivities than the 
corresponding samples where PWA was introduced few minutes before membrane casting. 
Since the materials where PWA is less prone to leaching out during fuel cell operation are 
more suitable for PEMFC, SP-PE-PWA.2-I, SP-PE-PWA.12-I, and SP-PE-PWA.18-I were 
selected for further testing. The mentioned samples were measured in the two-probe set-up at 
reduced relative humidity (60 % RH) and increasing temperature. The results are shown in 
Figure 4.7. The hybrid membrane without PWA, SP-PE, was measured for comparison.  
 
 
 
 
Figure 4.6 Sample SP-PE-PWA.12-I. The TEM images were acquired with the Libra120 
TEM operated at 120 kV at two different magnifications: left 50000x and right 100000x. 
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As already mentioned, the values of proton conductivity determined by the two-probe method 
are normally lower than those obtained from the four-probe method39. With the two-probe 
measurement the precise determination of the membrane resistance sometimes becomes 
problematic due to the complex contact phenomena between the membrane and the electrode. 
Especially when the membrane is very thin, a large error can arise. This makes it difficult to 
estimate the actual sample impedance. Moreover the conductivity is expected to decrease with 
decreasing relative humidity. Therefore it was not surprising that the proton conductivities of 
samples SP-PE, SP-PE-PWA.2-I, SP-PE-PWA.12-I, and SP-PE-PWA.18-I measured at 60 % 
RH were one order of magnitude lower than the proton conductivity measured at 90 % RH. 
The resistances of these samples were rather high and approached the limitations of the 
instrument. Therefore care should be taken in the interpretation of the results shown in Figure 
4.7.  
When the data in Figure 4.7 are plotted in Arrhenius coordinates (not shown), they do not 
follow a straight line, indicating once more that the thermally activated proton diffusion is not 
the only mechanism that controls the charge transfer in the composite membranes. The 
Figure 4.7 Transverse proton conductivity (two-probe method) at 60 % RH as a function of 
the temperature. The lines are drawn as guidelines for the eyes.   = SP-PE; ▲= SP-PE-
PWA.2-I; ■= SP-PE-PWA.12-I ● = SP-PE-PWA.18-I. 
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transverse conductivity of the hybrid sample prepared from SPEEK-PEOS solutions without 
phosphotungstic acid went through a maximum at 70 °C. As already observed in the four-
probe measurements, the sample with the lowest PWA content exhibits the highest 
conductivity among all the hybrid membranes and gives a value of 1.2 mS/cm at 90 °C and 60 
% RH. Since the morphologies of samples SP-PE and SP-PE-PWA.2-I are similar, we can 
conclude that the improvement in conductivity for the latter sample is due to the presence of 
phosphotungstic acid anchored to the silica particles. The transverse conductivity of sample 
SP-PE-PWA.18-I behaves similar to SP-PE-PWA.2-I, continuously growing in the 
investigated range of temperatures. Nevertheless the conductivity of the hybrid SP-PE-
PWA.18-I is always lower than SP-PE-PWA.2-I. This can be attributed to the morphology of 
the samples. The conductivity at 60 % RH of sample SP-PE-PWA.12-I is the lowest of the 
series and it drops at 90 °C. It seems that, at low relative humidity, the larger inorganic 
particles compared to SP-PE-PWA.2-I and the lower doping level compared to SP-PE-
PWA.18-I influenced negatively the proton transport within this sample. 
4.3.4 DMFC performance 
The sample SP-PE-PWA.2-I showed the highest conductivity in the four- and in the two-
probe method and good stability against PWA dissolution. Therefore it was selected to be 
measured in a direct methanol fuel cell (DMFC) single cell test. Nafion 112 was used for 
performance comparison, given that its thickness is in the same range of the home-made 
membrane. The polarization curves and the power density plots obtained using membrane SP-
PE-PWA.2-I and Nafion 112 are presented in Figure 4.8 and in Figure 4.9. The performances 
were tested at 60, 80 and 90 °C.  
The composite membrane shows better performance than Nafion 112 at all temperatures. 
Indeed, when using Nafion 112, the open circuit potential (ocp) is lower (Figure 4.8). This is 
attributed to the higher voltage loss that arises from the methanol crossover in the 
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perfluorinated membrane. Several research groups reported lower methanol crossover when 
using DMFC based on SPEEK composite membranes48,49,50,51,52,53. 
This is due mainly to two factors: the different microstructure of the two polymers and the 
presence of inorganic fillers. The SPEEK is described by a less pronounced 
hydrophobic/hydrophilic phase separation than Nafion31. This originates a microstructure that 
helps reducing the water and methanol cross-over in the DMFC based on SPEEK. In addition, 
the inorganic particles obstruct the methanol/water mixture cross-over.  
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Figure 4.8 Polarization curves at different temperatures of membranes SP-PE-PWA.2-I (black) 
and Nafion 112 (white). ■, □ = 60 °C; ▲, ∆ = 80 °C; ●, ○ = 90°C. 
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In the course of our study, the cell impedance was also recorded to give further hints about the 
different performance between Nafion 112 and the SPEEK composite membrane. The anode 
impedance spectra are almost identical except for the membranes ohmic resistance. The 
cathode gives different impedance data. The cathode impedance spectra at different 
temperatures are illustrated in Figure 4.10.  
Two key features can be distinguished. On one hand, the low frequency arcs of the 
membrane-electrode assembly (MEA) from Nafion 112 are higher than those from the 
SPEEK-silica-PWA membrane. On the other hand, using Nafion 112 in the MEA gives rise to 
more pronounced inductive loops at the end of the low-frequency arc. Mueller et al. have 
observed the inductive loop at the low frequency part of the anode impedance when diffusion 
control was excluded54. They attributed this phenomenon to the methanol electro-oxidation 
reaction, since the intermediates produced therein strongly adsorbed on the anode catalysts 
and resulted in a phase delay. 
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Figure 4.9 Power density curves at different temperatures of membranes SP-PE-PWA.2-I
(black) and Nafion 112 (white). ■, □ = 60 °C; ▲, ∆ = 80 °C; ●, ○ = 90°C. 
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The report concluded that the inductance at the low frequency end of the cathode impedance 
arose from the methanol oxidation at the cathode side. In our study, identical catalyst layers 
and operation conditions were employed for running the cell. Therefore we can also conclude 
that the observed inductive loops are due to the methanol crossover. This is in agreement with 
the observed low ocp when using Nafion 112 as the membrane. In addition, the higher 
impedance that appeared at the low frequency arcs of membrane Nafion 112 can be explained 
by the more prominent diffusion resistance at the cathode side due to a severe methanol 
crossover. 
 
 
 
 
 
Figure 4.10 Cathode impedance spectra at different temperatures of membranes SP-PE-
PWA.2-I (black) and Nafion 112 (white). ■, □ = 60 °C; ▲, ∆ = 80 °C; ●, ○ = 90°C. Voltage: 
300 mV. 
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4.4 Conclusions 
Novel hybrid sulfonated poly(ether ether ketone)-silica-phosphotungstic acid membranes 
were successfully prepared from solutions of SPEEK, polyethoxysiloxane and PWA. 
Polyethoxysiloxane is a liquid hyperbranched inorganic polymer that we used as silica 
precursor instead of the corresponding monomeric tetraethoxysilane (TEOS). When the 
SPEEK-PEOS solution with 35 wt% of PEOS is used, the formed hybrid membrane has a 
silica content of ca 20 wt%. The silica particles form in two size ranges: 3-12 nm and 50-130 
nm. This sample shows, at 100 °C and 90 % RH, twice the proton conductivity than pure 
SPEEK. The proton conductivity increased despite the presence of the non-conductive silica. 
Two possible explanations are proposed: the generated silanol moieties create an efficient 
path for proton hopping and/or the phase separation between SPEEK and PEOS and the 
conversion of PEOS in silica induce miscrostructural changes in SPEEK, with beneficial 
effects on proton transport.  
Phosphotungstic acid catalyzes the hydrolysis of the ethoxy end-groups of PEOS and, once 
incorporated within the membrane, enhances proton conductivity. The mixing procedure does 
not have significant impact on sample morphology, especially when higher amounts of PWA 
are used, but it influences the proton conductivity. The optimal PWA doping level for hybrid 
membranes prepared from SPEEK-PEOS solution is determined by the correlation between 
samples' morphology and proton conductivity. Among the three levels of PWA that were 
tested, i.e. 5, 30 and 50 wt% of the introduced PEOS, 5 wt% leads to the best 
morphology/conductivity performances. This percentage of PWA corresponds to 2 wt% of the 
total weight of the formed membrane and 9.5 wt% of the total weight of the solid inorganic 
fillers. With the smallest doping level, the size of the silica particles is 30-260 nm and the 
proton conductivity is more than three times than pure SPEEK. However, it is suggested to 
add the doping agent within the SPEEK-PEOS solution at the beginning of the mixing, in 
order to favor the incorporation and the anchoring of PWA to the silica filler. In such way, the 
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chance that PWA leaches out during fuel cell operation is reduced and the proton conductivity 
is maintained in time. It is shown that the proton conductivity of the samples where PWA is 
introduced just before film casting diminishes after repeated measuring cycles. 
The composite membrane with the lowest doping level was also tested in a single cell of 
DMFC in comparison with Nafion 112. The composite membrane showed higher power 
densities than Nafion 112 at the temperatures from 60 to 90°C. The cathode impedance 
analysis indicated that this is mainly attributed to the suppressed methanol crossover within 
the SPEEK composite membrane. 
The rather encouraging results of this investigation can be taken as starting point for further 
studies on PEOS-based hybrid membranes. Future efforts should be dedicated to the reduction 
of the size of the silica particles, eventually by lowering the PEOS content and/or changing 
the preparation conditions. In this way, also higher percentages of doping agent could be 
introduced with positive effects on the proton conductivity. Indeed within this study the 
sample prepared with 12 wt% of PWA showed also interesting results in terms of 
morphology, proton conductivity and energy of activation of the proton transport process. 
Another strategy for future studies regards the modification of PEOS. The ethoxy end–groups 
of PEOS can be easily modified thus offering the possibility to introduce functional sites on 
well defined positions. The advantage of this strategy is that the functional groups would 
remain anchored to the silica network during fuel cell operation without leaching out. Possible 
modifications are with anhydrous proton-conducting heterocycles such as imidazole55, and 
triazole56, but also with acidic groups like phosphate groups.  
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Chapter 5 
Morphology control in  
SPEEK-silica membranes: 
the role of a coupling agent    
 
 
5.1 Introduction 
Organic-inorganic polymer nanocomposites are versatile materials produced by the in situ 
polymerization of a metal- or metalloid-alkoxide within the bulk of an organic component. 
Nanocomposites are characterized by the nanoscale mixing of the two phases and they own 
their versatility to the synergism of properties of the components. Generally, the organic 
polymer contributes with its higher flexibility, versatility in design of functionalities, and film 
forming-properties. On the other hand, the inorganic component imparts high tensile 
strength1,2, thermal and mechanical stability, gas barrier properties3, just to mention some. 
The great variety of combinations places organic-inorganic nanocomposites in a constantly 
growing number of demanding industrial applications4.  
The properties of a nanocomposite do not depend only on the properties of the single 
components, but also on the phase morphology of the components and on the interfacial 
                                                 
1
 F. Mammeri, E. Le Bourhis, L. Rozes and C. Sanchez; Mechanical properties of hybrid organic-inorganic 
materials, J. Mater. Chem., 2005, 15, 3787. 
2
 Q. W. Yuan and J. E. Mark; Reinforcement of poly(dimethoxysiloxane) networks by blended and in-situ 
generated silica fillers having various sizes, size distributions, and modified surfaces, Macromol. Chem. Phys., 
1999, 200, 206. 
3
 R. Tamaki, Y. Chujo, K. Kuraoka and T. Yazawa; Application of organic-inorganic polymer hybrids as 
selective gas permeation membranes, J. Mater. Chem., 1999, 9, 1741. 
4
 C. Sanchez, B. Julián, P. Belleville and M. Popall; Applications of hybrid organic-inorganic nanocomposites, J. 
Mater. Chem., 2005, 15, 3559. 
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properties5. Therefore controlling the phase separation, the degree of interpenetration between 
the two dissimilar phases, and the connectivity between the phases is the key to the successful 
preparation of high performance hybrid materials. 
From polymer chemistry it is known that the phase separation between two otherwise 
incompatible polymers can be prevented when, upon crosslinking of both components, an 
interpenetrating network (IPN) is formed. If only one macromolecular component undergoes 
crosslinking, a semi-interpenetrating network (semi-IPN) is formed. The (semi-)IPN concept 
can be extended towards inorganic-organic hybrid materials6.  
Another way of controlling the phase separation between the organic and the inorganic 
component is to use a compatibilization technique7. Either the organic polymer is 
functionalized so that the interactions with the inorganic component are favored, or a third 
component with double functionality, the coupling agent, is added to the mixture to link the 
organic and the inorganic components. The extent of the compatibilization and therefore of 
the phase separation is determined by the efficiency of the interactions.  
A sector where the use of organic-inorganic nanocomposite materials received booming 
consideration is that of polymer electrolyte membrane for fuel cells (PEMFC). The base 
component of such devices is a polymeric sulfonated membrane. It is believed that the use of 
inorganic fillers within the organic matrix can enhance some properties relevant for this 
application, e.g. water retention at high temperature and reduction of fuel permeability. The 
most studied inorganic filler for PEMFC is the silica generated from the in situ sol-gel process 
of tetraethoxysilane (TEOS). The silica nanoparticles can be formed homogeneously within a 
sulfonated organic matrix if ionic crosslinks between the organic and the inorganic 
component are promoted. The concept of ionic crosslinking has been taken from polymer 
chemistry, where it was successfully applied in the preparation of flexible and mechanically 
                                                 
5
 B. M. Novak; Hybrid nanocomposite materials-Between inorganic glasses and organic polymers, Adv. Mater., 
1993, 5, 422. 
6
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7
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stable organic acid-base polymer blends8. In the case of inorganic-organic composites, 
improved morphology was obtained if tetramethoxysilane/(3-aminopropyl)trimethoxysilane 
mixtures (TMOS/APTMOS), TEOS/APTMOS mixtures, or even APTMOS alone were used 
as silica-precursors9,10. It was shown that the ionic interaction between the functional groups 
of the organic polymer (sulfonic acid groups) and the functional groups of the inorganic 
monomer (amino groups) lead to fine morphology (particles size less than 100 nm). The 
organic matrices used in the mentioned articles were sulfonated polystyrene9 or sulfonated 
polyaryletherketones10. Other research groups11 used nitrogen-containing molecules to 
generate ionic crosslinking and demonstrated that the formed film showed decreased 
methanol permeability while maintaining relatively high proton conductivity.  
Among the nitrogen-containing silanes, N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole 
(hereafter “dh-IMI”,) was successfully used by our group12 as compatibiliser in the 
preparation of hybrid membranes based on sulfonated poly(ether ether ketone) (SPEEK) and 
silica, where silica was formed during the “water free” sol-gel process of polyethoxysiloxane 
(PEOS)13,14 (see the structures of SPEEK, PEOS and dh-IMI in Scheme 5.1).  
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PEOS is a soluble, liquid, and hydrophobic hyperbranched inorganic polymer that we propose 
instead of the commonly used monomer TEOS in the preparation of silica-based 
nanocomposites. Indeed, the easy functionalization of PEOS ethoxy end-groups, its high 
thermal stability, and the low amount of water needed for its conversion in silica, make PEOS 
a promising substitute of TEOS. In particular, PEOS can be used for the preparation of 
nanocomposites via the sol-gel process not only in solution, but even in the melt15,16.  
The two incompatible polymers SPEEK and PEOS become miscible in a common solvent, 
e.g. dimethylacetamide. However, upon heating, when the solvent evaporates and the film 
starts to form, phase segregation occurs between the two components. The phase separation 
intensifies with the simultaneous crosslinking and consequent molecular weight increase of 
the inorganic phase. We have previously12 shown that the resulting membranes have coarse 
organic-inorganic morphology, where the size and size distribution of the silica domains are 
rather wide (0.2-3 µm, see Figure 5.112). 
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Scheme 5.1 Structures of sulfonated poly(ether ether ketone) (SPEEK),  
N-(3-triethoxysilylpropyl)-4,5-dihydroimidazole (dh-IMI), and polyethoxysiloxane (PEOS). 
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Nevertheless, in our previous study we also demonstrated that the use of N-(3-
triethoxysilylpropyl)-4,5-dihydroimidazole leads to a dramatic reduction of the particles size 
and size distribution. When dh-IMI is introduced in solution, ionic interactions between the 
dihydroimidazole ring of dh-IMI and the sulfonic acid group of SPEEK together with 
condensation reactions between the ethoxy groups of dh-IMI and PEOS are expected. Due to 
these reactions, the otherwise incompatible SPEEK and PEOS are linked through the coupling 
agent, provoking a reduction of the miscibility gap between the two polymers and retarding 
the phase segregation.  
 
The aim of the present study is to understand which reaction path is preferentially followed 
when SPEEK and PEOS are mixed together in the presence of N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole and therefore to establish a procedure for obtaining a controlled ultrafine 
morphology.  
The samples were prepared by mixing dh-IMI, SPEEK, and PEOS via different procedures 
and by using different amounts of coupling agent. The morphology of the samples was 
analyzed by transmission electron microscopy (TEM). 
Figure 5.1 TEM image of a hybrid 
SPEEK-silica membrane prepared from a 
solution SPEEK/PEOS = 65/35 in DMAc.  
The image was taken at the Philips CM10 
operated at 100 kV.  
Measuring bar:                  = 1000 nm 
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5.2 Experimental part 
5.2.1 Materials 
Polyetheretherketone (PEEK) Victrex 450 PF powder form (particle size less than 100 µm) 
was kindly provided by Victrex. PEEK was dried in vacuum at 60 °C over P2O5 overnight 
before use. Sulfuric acid 95-97 wt% (pro analysis, Merck), tetraethoxysilane (TEOS, for 
synthesis, Merck), acetic anhydride (for synthesis, Merck), tetraethyltitanate (purum, Fluka), 
dimethylacetamide (DMAc, for synthesis, Merck), and N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole (“dh-IMI”, ABCR, MW = 274.43 g/mol) were used as received.  
5.2.2 Polymer synthesis 
Poly(ether ether ketone) was sulfonated up to 64 % degree of sulfonation using concentrated 
sulfuric acid (95-97 %) as described in "Procedure 2" given in Chapter 2. PEEK (15 g) was 
dissolved in H2SO4 (300 mL) at room temperature (RT). The dissolution took ca 1 h. The 
temperature was then increased to 50 °C. The reaction was stopped after 5 ½ hours (the 
sulfonation time) by precipitating the solution in an ice-water bath. Subsequently the 
precipitate was repeatedly washed in demineralized water and then dried. 
Polyethoxysiloxane was prepared from an equimolar reaction of TEOS and acetic anhydride 
in the presence of tetraethyltitanate used as catalyst (0.3 mol %), as described in Chapter 2 
and in Ref. 12. Two fractions of polyethoxysiloxane were used: the raw fraction, i.e. the 
PEOS as prepared ( nM  = 1100 g/mol; silica content = 45 wt%), and the high molecular 
weight fraction, i.e. the PEOS from which the low volatile fraction, monomer and oligomers, 
are removed with a thin film evaporator, ( nM = 1740 g/mol; silica content = 48 wt%). 
5.2.3 Membrane preparation 
The membranes were formed from solutions containing SPEEK, PEOS, and dh-IMI via 
centrifugal casting following three different methods, called procedure A, procedure B, and 
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procedure C. The centrifugal casting is thoroughly described in Chapter 2 of this thesis and in 
Ref. 12. The used procedure is specified in the sample name with the letter A, B, or C. The 
amount of SPEEK was kept constant for all samples. The amount of PEOS was 35 and 65 
wt% of the sum of SPEEK and PEOS. These numbers are written in the sample name together 
with the type of PEOS: RAW when PEOS was used as prepared, and HMW when the high 
molecular weight fraction of PEOS was used. Three different amounts of dh-IMI were used, 
calculated so that the dihydroimidazole moieties could react with a defined percentage (mol 
%) of the sulfonic acid groups of SPEEK, -SO3H. The selected percentages are 25, 50, and 75 
mol % and are indicated in the sample name. In the text these values are also referred to as 
“degree of neutralization, DN”. 
For each procedure, a typical example of the preparation is presented.  
Procedure A: SPEEK (0.16 g, 0.47 mmol; -SO3H = 0.3 mmol) was dissolved in DMAc (2.5 
mL) at RT and dh-IMI (0.02 g; 0.073 mmol; 25 mol % of –SO3H) was added to the solution 
and stirred for 30 min at RT. PEOS (raw, 0.086 g, 0.68 mmol) was dissolved in DMAc (0.5 
mL), added to the SPEEK-dh-IMI solution, mixed with a magnetic stirrer at RT for 5 min and 
then added into a rotating metal beaker mounted on a centrifuge. The spinning system was 
heated to 100 °C and hold at that temperature for 40 min, followed by 30 min at 120 °C. The 
formed membrane was detached from the walls of the beaker by immersing it in water.  
This sample was named “35.RAW-dh-IMI.25-A”. 
Procedure B: PEOS (raw, 0.086 g, 0.68 mmol) was dissolved in DMAc (0.5 mL) and mixed 
at RT for 4 h with dh-IMI (0.02 g; 0.073 mmol; 25 mol % of –SO3H). SPEEK (0.16 g, 0.47 
mmol; -SO3H = 0.3 mmol) was dissolved in DMAc (2.5 mL) at RT. The two solutions were 
mixed with a magnetic stirrer at RT for 5 min. For the rest, the preparation is identical to 
Procedure A.  
This sample was named “35.RAW-dh-IMI.25-B”. 
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Procedure C: PEOS (raw, 0.086 g, 0.68 mmol) was dissolved in DMAc (0.5 mL) and mixed 
at 120 °C for 4 h with dh-IMI (0.02 g; 0.073 mmol; 25 mol % of –SO3H). SPEEK (0.16 g, 
0.47 mmol; -SO3H = 0.3 mmol) was dissolved in DMAc (2.5 mL) at RT. The two solutions 
were mixed with a magnetic stirrer at RT for 5 min. For the rest, the preparation is identical to 
Procedure A.  
This sample was named “35.RAW-dh-IMI.25-C”.  
Procedure C* is a variation of procedure C where PEOS and dh-IMI are stirred in DMAc at 
120 °C for 24 instead of 4 h.  
All membrane samples were ca 20 µm thick. The details of sample preparation are reported in 
Table 5.1. 
 
Table 5.1  
Details of membranes preparation. 
 
Sample name PEOS dh-IMI Particles size 
(nm) (c) 
Surface of the 
membrane as 
prepared 
Type  
(a)
 
grams grams mol % 
(b)
 
35.RAW-dh-IMI.25-A RAW 0.086 0.02 25 180-500 smooth 
35.RAW-dh-IMI.25-B RAW 0.086 0.02 25 110-340 smooth 
35.RAW-dh-IMI.25-C RAW 0.086 0.02 25 150-390 smooth 
35.RAW-dh-IMI.50-A RAW 0.086 0.041 50 250  sticky 
35.RAW-dh-IMI.50-B RAW 0.086 0.041 50 330-1240  smooth 
35.RAW-dh-IMI.50-C RAW 0.086 0.041 50 190-380 smooth 
35.RAW-dh-IMI.50-C* 
(d)
 
RAW 0.086 0.041 50 130-250 smooth 
35.RAW-dh-IMI.75-A RAW 0.086 0.062 75 610  oily 
35.RAW-dh-IMI.75-B RAW 0.086 0.062 75 800  oily 
35.RAW-dh-IMI.75-C RAW 0.086 0.062 75 170-340 smooth 
65.HMW (d) HMW 0.65 - - See text smooth 
65.HMW-dh-IMI.50-C* 
(e)
 
HMW 0.65 0.09 50 See text smooth 
 
a
 RAW = PEOS as prepared; HMW = high molecular weight fraction of PEOS. 
b
 Maximum percentage (mol %) of sulfonic acid groups of SPEEK that can react with the 
dihydroimidazole rings. In the text this value is also referred to as “degree of neutralization, DN”. 
c
 The silica particles are elongated and they mostly show multimodal size distribution. The longest 
side of the particles is reported. For each sample, the two numbers indicate the length of the smallest 
and the biggest particle observed. When only one number is reported, the particles have monomodal 
size distribution. 
* PEOS and dh-IMI were mixed in DMAc at 120 °C for 24 h instead of 4 h.  
d Different sample preparation. Refer to the text for details. 
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Two additional samples were prepared to confirm the feasibility of our concept. They were 
named 65.HMW and 65.HMW-dh-IMI.50-C*, and they were prepared as described in the 
following.  
65.HMW: SPEEK (0.35 g, 1.03 mmol; -SO3H = 0.66 mmol) was dissolved at RT in DMAc 
(4 mL). PEOS (HWM, 0.65 g, 5.13 mmol) was dissolved in DMAc (1.5 mL). The two 
solutions were mixed with a magnetic stirrer at RT for 5 minutes. The rest of the preparation 
is identical to procedure A.  
65.HMW-dh-IMI.50-C*: PEOS (HWM, 0.65 g, 5.13 mmol) was dissolved in DMAc (1.5 
mL) and mixed at 120 °C for 24 h with dh-IMI (0.09 g; 0.33 mmol; 50 mol % of –SO3H). 
SPEEK (0.35 g, 1.03 mmol; -SO3H = 0.66 mmol) was dissolved at RT in DMAc (4 mL).The 
two solutions were mixed with a magnetic stirrer at RT for 5 minutes. For the rest, the 
preparation is identical to Procedure A. 
These two membranes were ca 35 µm thick. 
5.2.4 Membrane morphology 
The morphology of the membranes was investigated by transmission electron microscopy 
(TEM). The membranes were immersed in a liquid epoxy resin (SPURR-kit, standard 
formulation, Sigma-Aldrich) that was hardened at 70 °C in an oven. The embedded samples 
were microtomed at room temperature using a diamond knife mounted on a Reichert Ultracut 
microtome. The ultra thin sections (50-100 nm) were collected on plain copper grids (400 
mesh). Two instruments were used for examination of the ultra thin sections: the Philips 
CM10 TEM operated at 100 kV and the FEI Tecnai F20 energy-filtering transmission 
electron microscope operated at 200 kV. This microscope was equipped with a Schottky field-
emission source, an EDX spectrometer (EDAX) and a Gatan Imaging Filter (GIF 2000). The 
latter was employed to record electron spectroscopic images (ESI) to show the size and 
distribution of the expected ultra-fine silicon oxide particles within the polymer matrix. Hence 
spectroscopic images were obtained using the silicon Si-L2,3, carbon C-K and oxygen O-K 
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edges. In the course of the present investigation the three-window method17 was used to 
generate elemental maps from suitable thin sample areas with Iinelastic / I0 < 0.7. These maps 
show the occurrence and position of the above-mentioned elements in the investigated region. 
Ratio maps based on the post- and nearest pre-edge images were then calculated to improve 
the contrast in the maps.  The contrast between the inorganic phase and the polymer was 
sufficient for imaging and staining was not required. Although the grids were not coated with 
a carbon-sputtered film, the thin sections were stable under the electron beam. Moreover the 
domains revealed by the carbon-map could be unambiguously interpreted as belonging to the 
sample without being mistaken for carbon sputtering. The bright areas that were observed in 
some TEM images were interpreted as empty spaces, derived from the displacement of the 
silica particles from their position during microtoming. 
 
 
 
5.3 Results and discussion 
When preparing SPEEK-silica membranes from solution using PEOS as silica precursor, the 
working hypothesis is that the full conversion of PEOS into silica, i.e. the hydrolysis and the 
condensation of the ethoxy end-groups, is promoted by three main factors: (i) the water 
present in the air and in the solvent; (ii) the catalytic action of the sulfonic acid groups in 
SPEEK and/or of the dihydroimidazole rings in dh-IMI; (iii) heating. Another assumption is 
that SPEEK and PEOS are not compatible due to hydrophilicity of SPEEK conferred by the 
sulfonic acid groups and the hydrophobic character of the ethoxy end-groups in PEOS. When 
the ethoxy groups hydrolyze, silica particles with hydrophilic silanol groups form, that have 
affinity with SPEEK. However, if the system is still mobile, the surface area of the silica 
                                                 
17
 J. Mayer; Nanoscale analysis by energy-filtering TEM, in Hawkes (Ed.), Advances in Imaging and Electron 
Physics, vol. 123, Elsevier Science  2002, pp. 399-411. 
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particles starts to decrease due to crosslinking between adjacent particles. Thus the organic-
inorganic phase separation increases again.    
In a solution containing SPEEK, PEOS, and dh-IMI, it is expected that dh-IMI reacts with 
SPEEK via an acid-base reaction and with PEOS via a condensation reaction. 
As first hypothesis, the acid-base reaction is the fastest reaction. The sulfonic acid groups 
that are involved in the ionic interactions are neutralized by the dihydroimidazole and they do 
not take part to the conversion of PEOS in silica. At lower degree of neutralization, DN, there 
should be enough free acidic groups that catalyze the hydrolysis and condensation of PEOS, 
thus promoting the reaction between PEOS and the dh-IMI linked to the SPEEK, and the 
conversion of PEOS into silica. In this case the coupling between SPEEK and PEOS could be 
beneficial for reducing the phase separation and leading to smaller particles and narrower 
particles size distribution compared to the sample where the coupling agent is not used. 
Higher DN could, however, have a negative effect on the miscibility of SPEEK and PEOS 
and therefore on the morphology. Indeed, if not enough acidic groups are available to catalyze 
the conversion of PEOS into silica, PEOS strongly separates from SPEEK as the solvent 
evaporates. Eventually, some PEOS does not convert in silica and it remains liquid while the 
film forms.  
As second hypothesis, dh-IMI interacts preferentially with PEOS. Either: (i) 
dihydroimidazole-modified PEOS forms, or (ii) dihydroimidazole-functionalized silica forms 
in a base catalyzed reaction. In case (i), the modified PEOS links to SPEEK, thus reducing the 
phase separation and leading to improved morphology. The conversion of the modified PEOS 
into silica is promoted by the free sulfonic acid groups, and the extent of the conversion will 
depend on the amount of available acidic catalyst. In case (ii) the functionalized silica 
particles, the size of which is determined by the amount of the basic catalyst, react with 
SPEEK and phase separation is reduced.  
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Most likely the described processes occur simultaneously, thus leading to an unpredictable 
sequence of reactions and, eventually, to unexpected morphology.  
 
The effect of dh-IMI on the morphology of the SPEEK-silica membranes will be investigated 
in terms of dh-IMI content and sample preparation procedures, as summarized in Scheme 5.2. 
Three preparation procedures were applied, where dh-IMI was introduced in different 
moments and different temperatures. Moreover, in each procedure three different quantities of 
the coupling agent were used, expressed as degree of neutralization. In procedure A, SPEEK 
and dh-IMI were mixed at RT for 30 min, PEOS was added to the mixture, and then stirred at 
RT for 5 min; in procedure B, PEOS and dh-IMI were mixed at RT for 4 h, added to the 
SPEEK solution, and then stirred at RT for 5 min; in procedure C, PEOS and dh-IMI were 
mixed at 120 °C, added to the SPEEK solution at RT, and then stirred at RT for 5 min. 
The hybrid membranes were analyzed by transmission electron microscopy and the results are 
reported in Figure 5.2.  
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Components 
   
SPEEK: 64 % degree of sulfonation 
The amount of SPEEK is fixed. 
   
PEOS : RAW = PEOS as prepared 
HMW = high molecular weight fraction of PEOS 
The amount of PEOS is given as weight ratio (wt%): [PEOS/(SPEEK+PEOS)]. 
   
dh-IMI: The amount of dh-IMI is given as molar ratio (mol %): [dh-IMI/sulfonic acid groups]. 
This ratio is named “degree of neutralization”, DN. 
   
Preparation methods (fixed amount of SPEEK) 
         
 PEOS 
(type ; wt%) 
dh-IMI 
(DN) 
 PEOS 
(type ; wt%) 
dh-IMI 
(DN) 
 PEOS 
(type ; wt%) 
dh-IMI 
(DN) 
 
 
         
 
RAW ; 35  
 25 
 50 
 75 
 
RAW ; 35  
 25 
 50 
 75 
 
RAW ; 35  
 25 
 50 
 75 
          
       HMW ; 65  50 
         
         
 Procedure A  Procedure B  Procedure C 
  
 
  
 
step 1 [SPEEK + dh-IMI]RT, 30 min  [PEOS + dh-IMI]RT, 4h  [PEOS + dh-IMI]120 °C, 4h  
      
 
step 2 + [PEOS]RT  + [SPEEK]RT  + [SPEEK]RT  
      
 
step 3 mix 5 min, RT  mix 5 min, RT  mix 5 min, RT  
      
 
step 4 centrifugal cast  centrifugal cast  centrifugal cast  
      
Scheme 5.2 Summary of the materials and of the mixing procedures used for membrane 
preparation. 
 
 
In Figure 5.2 each column corresponds to a preparation method, while each raw refers to a 
neutralization degree, i.e. the maximum percentage (mol %) of sulfonic acid groups that can 
interact with the dihydroimidazole rings. All samples of Figure 5.2 where prepared with the 
same amount of RAW PEOS, i.e. 35 wt % of the sum of the two polymers corresponding to 
ca 20 wt % of silica in the formed membranes. 
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Measuring bar:  = 500 nm 
Figure 5.2 TEM images of SPEEK-silica-dh-IMI membranes obtained from solutions of 
SPEEK-PEOS and variable amounts of dh-IMI. (a) The percentages refer to the theoretical 
amount of sulfonic acid groups (mol %) that react with dh-IMI. The preparation procedures 
A, B, and C refer to the moment in which dh-IMI was introduced in the solutions (see 
description in the text). : an inorganic layer, revealed by visual inspection and by TEM, 
formed on the surface of the sample. : the layer is visible only at the TEM. 
The images were acquired at the Philips CM10 operated at 100 kV. 
 
 
The symbol  indicates that the sample was sticky or even oily to the touch after 
preparation and that an inorganic layer on the surface of the membrane was observed at the 
TEM. The symbol  indicates that the inorganic layer was observed by TEM but not by 
 
Procedure A Procedure B Procedure C 
25
 
%
 
(a)
 
 
   
50
%
 
(a)
 
 
   
75
 
%
 
(a)
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visual inspection. When aging for several days at ambient condition, the sticky or oily layer 
on the surface turned into a shining white powder. We speculate that this layer is formed by 
unconverted PEOS that phase separates from SPEEK during membrane formation and 
migrates to the film surface, where it deposits as a liquid of high viscosity and then, slowly, 
converts into silica. Part of the inorganic layer stays anchored to the surface of the membranes 
and is then visible at the TEM, as shown for example in Figure 5.3 where a detail of sample 
35.RAW-dh-IMI.75-B is reported. 
The inorganic particles are formed with elongated shape and, generally, with multimodal size 
distribution. In the discussion that follows, the reported dimensions refer to the longest side of 
the particles. When two numbers are reported, they represent the length of the smallest and of 
the largest particle observed. When only one number is given, the particles have monomodal 
size distribution. 
 
 
Through procedure A (left column), the coupling agent is forced to react with SPEEK first. As 
predicted, the morphology of the sample with the lowest degree of neutralization, 35.RAW-
dh-IMI.25-A, is sensibly improved compared to the sample where the coupling agent was not 
used (see Figure 5.1). Indeed in the former the size and the size distribution of the silica 
Membrane 
Inorganic layer 
Embedding 
Figure 5.3 TEM image of sample 
35.RAW-dh-IMI.75-B. The inorganic layer 
that forms on the surface of the sample is 
well visible. 
The image was taken at the Philips CM10 
operated at 100 kV.  
Measuring bar:                   = 1000 nm 
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particles were narrower (180-500 nm) than the latter (0.2-3 µm). However, at 50 and 75 mol 
% of dh-IMI, a viscous layer was observed on the surface of the membranes which is 
attributed to strong PEOS-SPEEK phase separation during membrane formation, as 
hypothesized above. Only sporadic silica domains were observed in the matrix of the samples, 
having a maximum length of 250 nm in sample 35.RAW-dh-IMI.50-A and 610 nm in 
35.RAW-dh-IMI.75-A.  
Through procedure C (right column), the formation of a dihydroimidazole-modified PEOS or 
of functionalized silica is favored first. Also in this case the coupling agent leads to an 
improvement in the morphology. The three prepared samples have silica particles uniformly 
distributed allover the matrix, with the following dimensions: 150–390 nm in sample 
35.RAW-dh-IMI.25-C, 190-380 nm in sample 35.RAW-dh-IMI.50-C, and 170-340 nm in 
sample 35.RAW-dh-IMI.75-C. Although some slight differences are observed between the 
samples with different dh-IMI content, these differences are not dramatic and could depend 
on the position chosen for TEM imaging and on errors in the size measuring. Therefore, when 
procedure C is followed, the chosen concentration of compatibilizer has no great impact on 
the morphology. From these results we could conclude that functionalized silica particles 
formed and, already at the lowest concentration of compatibilizer, all PEOS substrate was 
converted and the final particles size was reached.  
With procedure B (central column) neither the ionic interaction between SPEEK and dh-IMI 
nor the condensation reaction between PEOS and dh-IMI are expected to be facilitated. 
Indeed mixing PEOS and dh-IMI at RT will not promote the formation of dihydroimidazole-
functionalized silica, but simply will enhance the miscibility between PEOS and dh-IMI. Thus 
the morphology resulting from procedure B compared to that of procedure A and C could give 
us indication whether one of the two processes tends to occur first. 
The highest degree of neutralization (75 mol %) lead to the formation of an oily layer on the 
surface of sample 35.RAW-dh-IMI.75-B. The morphology of this sample, characterized by 
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sporadic and very elongated silica domains in the matrix (800 nm), reminds of the sample 
prepared via procedure A (35.RAW-dh-IMI.75-A). In the sample prepared with the lowest 
degree of neutralization (25 mol %), 35.RAW-dh-IMI.25-B, the disk-shaped inorganic 
domains formed with size between 110 and 340 nm. The dimension of these particles is in a 
comparable order of magnitude of sample 35.RAW-dh-IMI.25-A (180-500 nm). From these 
observations one can conclude that the acid-base reaction is kinetically favored compared to 
the modification of PEOS. An attempt to explain (i) the decrease in particle size when going 
from procedure A to procedure B at 25 mol % of dh-IMI, and (ii) the exceptional morphology 
of sample 35.RAW-dh-IMI.50-B with large and numerous silica domains (330-1240 nm), is 
given in the following.  
The main difference between procedure A and procedure B is that, with procedure B, SPEEK 
and dh-IMI are together in solution for shorter time. Moreover, in procedure B the acid-base 
reaction is not intentionally promoted “at the expenses of” the condensation reaction. The two 
processes can occur simultaneously, thus influencing each other. In this case, the amount of 
coupling agent could be the determining factor on the final morphology. Via procedure B, it is 
possible that the neutralization is incomplete. This happens if not all the SPEEK and dh-IMI 
molecules come in contact with each other during the short mixing time because of the 
viscosity of the solution, of the bulkiness of the components, and, eventually, of the not 
efficient stirring. Therefore some acid groups could be still free when the heating starts. At 
this point, even the amount of dh-IMI is the same, the presence of “extra” available sulfonic 
acid in procedure B compared to procedure A should favor the hydrolysis of more ethoxy end 
groups. In case of 25 mol % of dh-IMI, the formation of extra silanol groups that have affinity 
with SPEEK leads to a reduction of the phase separation and, in the end, of particles size. This 
explains why sample 35.RAW-dh-IMI.25-B has smaller particles than 35.RAW-dh-IMI.25-A 
(see Figure 5.2). Also at 50 mol % of dh-IMI there is an effect on the conversion of PEOS 
when following procedure B instead of A. A visual inspection shows migrated to the surface 
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when following procedure A. Indeed the surface of sample 35.RAW-dh-IMI.50-A is sticky, 
while the surface of 35.RAW-dh-IMI.50-B is smooth to the touch. The conversion of PEOS 
reached more completeness in the latter sample, as confirmed also by the TEM analysis (see 
Figure 5.2). The large silica domains that are visible in the matrix of sample 35.RAW-dh-
IMI.50-B but not in 35.RAW-dh-IMI.50-A, indicate that PEOS converted into silica in the 
former but probably remained liquid and migrated to the surface in the latter.  
 
The lowest degree of neutralization lead to a marked improvement in the morphology 
compared to the sample where the coupling agent was not used, independently from the 
preparation method followed. Promoting the formation of a dihydroimidazole-modified PEOS 
or functionalized silica particles before mixing with SPEEK seems the best way to retard the 
phase separation between SPEEK and PEOS. The examples shown above indicate that the 
preparation procedure has great impact on the morphology of the composite membranes 
prepared from solutions of SPEEK, PEOS and N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole. We believe that all proposed methods could be improved, for example by 
favoring a more uniform mixing of the three components before casting, by adding extra 
water in the solution in order to promote the hydrolysis of PEOS, or, in case of the most 
promising procedure C, by promoting further the interaction between PEOS and dh-IMI. For 
example, in Figure 5.4 we report the TEM image of sample 35.RAW-dh-IMI.50-C* where 
PEOS and dh-IMI have been stirred in DMAc at 120 °C for 24 h, instead of the standard 4 h 
used to prepare sample 35.RAW-dh-IMI.50-C.  
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Although at first sight the morphology of the two samples is very similar, the size of the silica 
particles in 35.RAW-dh-IMI.50-C* is smaller, i.e. 130-250 nm vs. 190-380 nm. The 
modification of PEOS and the effect on sample morphology are phenomena that deserve more 
detailed investigations which are beyond the scope of this explorative study.  
 
In the samples presented in Figure 5.2, the amount and type of SPEEK, PEOS and solvent, the 
concentration of the solutions, the casting procedure, and the final thickness have been kept 
constant. Within our research group we are striving to achieve strict control on the 
morphology, and ultimately on other properties, of the composite materials based on PEOS as 
silica precursor. To the best of our knowledge, hybrid membranes formed from SPEEK-PEOS 
solutions have not been previously reported. Therefore we are extensively investigating the 
parameters that play a decisive role in samples morphology. Considered the results presented 
above, it was our interest to verify the validity of the coupling agent approach by applying it 
to other preparation procedures used in our studies.  
As an example we report the case of sample 65.HMW. Different from the series shown in 
Figure 5.2, this membrane is (i) prepared using the high molecular weight fraction of PEOS, it 
Figure 5.4 TEM image of sample 
35.RAW-dh-IMI.50-C*, prepared by 
stirring PEOS and dh-IMI in DMAc at 120 
°C for 24 h, instead of the 4 h normally 
used in procedure C. 
The image was taken at the Philips CM10 
operated at 100 kV.  
Measuring bar:                   = 500 nm 
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is thicker (35 µm, while previously 20 µm) and it has higher silica content (ca 47 wt%, while 
previously ca 20 wt%). Membrane 65.HMW was turbid, although the surface was neither 
sticky nor oily, and it was characterized by a coarse and inhomogeneous morphology (see 
Figure 5.5 left) with inorganic domains of irregular shape reaching 5.3 µm of length (not 
shown in the image), oval particles ranging from 0.2 to 1.4 µm, and small round particles with 
diameter 35-160 nm.   
 
 
Measuring bar:  = 500 nm 
 
 
 
 
 
The use of HMW PEOS modified with dihydroimidazole through procedure C* lead to a 
remarkable improvement in the aspect of the sample and on its morphology. Indeed sample 
65.HMW-dh-IMI.50-C* had a smooth surface and it was transparent, indicating a drastic 
reduction of the size of the inorganic domains. 
Figure 5.5 TEM images of SPEEK-silica membranes with high silica content (ca 47 wt%), 
prepared from solutions of SPEEK and HMW PEOS with or without coupling agent.  
Left: sample 65.HMW. Right: sample 65.HMW-dh-IMI.50-C*, prepared with PEOS 
modified with dihydroimidazole through procedure C*.  
The images were taken at the Philips CM10 operated at 100 kV.  
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When examining the sample under the transmission electron microscope Philips CM10 
operated at 100 kV, no features were observed in the matrix, or on the surface (see Figure 5.5 
right). It was therefore necessary to use another method to resolve the size and the shape of 
the embedded inorganic domains. Electron spectroscopic imaging (ESI) was the method of 
choice. Figure 5.6 shows the results obtained from ESI for the 65.HMW-dh-IMI.50-C* 
membrane.  
The carbon and the silicon distribution images of Figure 5.6 (left and right respectively) show 
that a co-continuous interpenetrating polymer network of silica in SPEEK formed with 
nanoscopic dimension.  
 
 
 
The hybrid interpenetrating network is better visible in the colored image of Figure 5.7, where 
the silicon-rich areas are red while the carbon-rich domains are green. The modification of 
PEOS with dihydroimidazole groups suppressed the phase separation between the organic and 
Figure 5.6 Elemental distribution maps (ratio images) for sample 65.HMW-dh-IMI.50-C* 
as obtained by electron spectroscopic imaging. The elemental maps show the 
interpenetration at nanoscopic level of the silica phase within the polymer matrix. Left: 
carbon map. Right: silicon map. Areas with high concentration of the respective element 
appear bright. 
As guideline for the eyes, the marked regions highlight two features that show the perfect 
complementarity of the two elemental maps.  
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the inorganic polymers and an ultrafine morphology was obtained. This experiment proves 
that the coupling agent concept is valid independently from the experimental conditions. 
However, the extent to which the morphology can be improved depends on the parameters 
selected for membrane preparation. 
 
 
 
 
 
 
 
 
 
 
In general, we believe that the solvent chosen for the preparation of SPEEK-PEOS solutions, 
i.e. dimethylacetamide, played an important role in limiting the phase separation between the 
organic and the inorganic component. Chujo and coworkers18, for example, stated that 
dimethylformamide (DMF) and DMAc act as compatibilizers in the formation of organic-
inorganic polymer hybrids via the sol-gel process. Indeed, thanks to their amphiphilic 
character, these solvents show high compatibility with the organic polymer (polystyrene, 
poly(methyl methacrilate), poly(vinyl chloride) and poly(acrylic acid)) while forming strong 
hydrogen bonds with the silanol moieties of the hydrolyzed tetramethoxysilane, thus reducing 
the organic-inorganic phase separation. The use of solvents like toluene or tetrahydrofuran 
                                                 
18
 T. Ogoshi and Y. Chujo; Synthesis of organic-inorganic polymer hybrids utilizing amphiphilic solvent as 
compatibilizer, Bull. Chem. Soc. Jpn., 2003, 76, 1865. 
Figure 5.7 RGB image of the superimposed 
silicon and carbon elemental distribution maps of 
Figure 5.6 for sample 65.HMW-dh-IMI.50-C* as 
obtained by electron spectroscopic imaging (ESI). 
The signal from silicon has been colored in red 
and that from carbon in green. The marked 
regions highlight the two features shown in Figure 
5.6.  
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(THF) brought to stronger phase separation. Also another research group19 reported that, 
during the formation of hybrid PMMA-silica materials, where silica was formed from TEOS 
via the sol-gel process, the use of DMF helped suppressing particle aggregation. This effect 
was attributed to the formation of hydrogen bonds between the hydroxyl moiety of the silanol 
end-groups and the amide groups of DMF.  
For the same reasons, we believe that the DMAc used in our study helped to limit the extent 
of phase segregation.  
 
 
 
5.4 Conclusions 
The phase segregation between sulfonated poly(ether ether ketone) and polyethoxysiloxane 
was controlled using a coupling agent such as N-(3-triethoxysilylpropyl)-4,5-
dihydroimidazole. Acid-base reactions occur between the sulfonic acid groups of SPEEK and 
the dihydroimidazole rings, while condensation of ethoxy groups occur between dh-IMI and 
PEOS. Through such reactions dh-IMI links the two otherwise incompatible polymers and 
reduces the miscibility gap between them. At 25 mol % of dh-IMI, a sensible improvement in 
the morphology compared to the samples prepared without compatibilizer was observed, 
independent from the preparation path followed. We showed that the most effective way for 
bridging the two polymers is to pre-modify PEOS with dh-IMI prior to mixing it with the 
SPEEK solution. At elevated silica content (ca 47 wt %), the use of PEOS modified with dh-
IMI lead to the formation of a nano-sized hybrid interpenetrating network, where silica 
domains smaller than 5 nm formed through the organic matrix. Although the optimum 
                                                 
19
 D. E. Rodrigues, B. G. Risch and G. L. Wilkes; Phase separation behavior of silicate phases grown in 
poly(methyl methacrylate) by a sol-gel process, Chem. Mater., 1997, 9, 2709. 
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concentration of coupling agent was not determined, we believe that the compatibilization 
concept could be successfully applied also for lower concentrations. 
The modification of PEOS with heterocycles and the preparation of acid-base composite 
membranes at controlled morphology may have potential application in polymer electrolyte 
fuel cells operated at intermediate temperature in low-humidity conditions20. It is believed that 
in acid-base materials the proton transport occurs by a Grotthuss-type mechanism. When the 
acidic molecules, such as phosphoric acid or sulfuric acid, are properly aligned with basic 
molecules, such as heterocycles, the proton hops between neighboring protonated and non-
protonated molecules without the need of an aqueous medium. The assembly of acidic and 
basic molecules is important for the formation of an effective proton conductive path. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
20
 M. Yamada and I. Honma; Anhydrous protonic conductivity of a self-assembled acid-base composite material, 
J. Phys. Chem. B, 2004, 108, 5522. 
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Chapter 6 
Morphology of SPEEK-silica membranes prepared 
from the sol-gel process of polyethoxysiloxane: 
a transmission electron microscopy study 
 
 
6.1 Introduction 
The preparation of silica-based nanocomposite materials obtained from the sol-gel process of 
TEOS (tetraethoxysilane) within a polymeric matrix has been investigated for a wide 
spectrum of applications1,2. Although the overall transformation of TEOS in silica can be 
written simply as : Si(OEt)4 + 2H2O  SiO2 + 4EtOH 
the sol-gel process is one of the most difficult to understand and control, involving 
complicated hydrolysis and polycondensation reactions3. However, material scientists that 
design hybrid organic-inorganic materials based on this method can achieve control on the 
final product if the structure of the nanocomposites is fully characterized at the nanometer 
scale. When the hydrolysis and condensation of the inorganic precursor occur in the presence 
of a preformed organic polymer without designed connectivity between the two phases4, the 
morphology and the extent of the organic-inorganic phase separation in the hybrid materials 
can be conveniently characterized, among others, by transmission electron microscopy 
                                                 
1
 J. Wen and G. L. Wilkes; Organic/inorganic hybrid network materials by the sol-gel approach, Chem. Mater., 
1996, 8, 1667. 
2
 C. Sanchez, B. Julián, P. Belleville and M. Popall; Applications of hybrid organic-inorganic nanocomposites, J. 
Mater. Chem., 2005, 15, 3559. 
3
 R. K. Iler; The chemistry of silica, Wiley NY, 1979. 
4
 These materials belong to the "Class I materials" as classified by Sanchez et al. in "P. Judeinstein and C. 
Sanchez; Hybrid organic-inorganic materials: a land of multidisciplinarity, J. Mater. Chem., 1996, 6, 511." and 
to the "Type I materials as classified by Novak in "B. M. Novak; Hybrid nanocomposite materials-Between 
inorganic glasses and organic polymers, Adv. Mater., 1993, 5, 422." 
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(TEM), small-angle X-ray scattering (SAXS), and dynamic mechanical (DMA) 
measurements. For example, transmission electron microscopy images were used to visualize 
the size and the size distribution of in situ generated silica particles used as reinforcement in 
polydimethylsiloxane5,6 (PDMS), poly(methyl methacrylate)7,8 (PMMA) and poly(2-
hydroxyethyl acrylate)9 (HEA). The authors of these studies were able not only to correlate 
the obtained morphologies to specific experimental variables – like temperature and pH – but 
also to visualize the shape and the profile of the silica particles5,7. From these observations it 
was possible to conclude7 that the mechanisms that rule the hydrolysis and condensation of 
TEOS solutions most likely can be applied also when these reactions occur in the presence of 
an organic polymer. 
 
A sector where silica-based hybrid nanocomposites received considerable attention by 
material scientists is that of proton exchange membranes for fuel cells (PEMFC). Among the 
organic polymeric materials proposed for the preparation of these membranes, sulfonated 
poly(ether ether ketone) (SPEEK) proved to be an interesting candidate. Indeed, unlike the 
benchmark polymeric membrane Nafion, the microstructure of SPEEK is characterized by a 
narrow phase separation between the hydrophobic polymeric backbone and the hydrophilic 
domains created from the aggregation of the sulfonic acid groups10. This microstructure, 
although at the origin of reduced proton conductivity within SPEEK and stronger dependence 
of the proton conductivity on the water content, accounts for the lower electroosmotic drag 
                                                 
5
 J. E. Mark, Y.-P. Ning, C.-Y. Jiang and M.-Y. Tang; Electron microscopy of elastomers containing in-situ 
precipitated silica, Polymer, 1985, 26, 2069. 
6
 Q. W. Yuan and J. E. Mark; Reinforcement of poly(dimethoxysiloxane) networks by blended and in-situ 
generated silica fillers having various sizes, size distributions, and modified surfaces, Macromol. Chem. Phys., 
1999, 200, 206. 
7
 C. J. T. Landry and B. K. Coltrain; In situ polymerization of tetraethoxysilane in poly(methyl methacrylate): 
morphology and dynamic mechanical properties, Polymer, 1992, 33, 1486. 
8
 D. E. Rodrigues, B. G. Risch and G. L. Wilkes; Phase separation behavior of silicate phases grown in 
poly(methyl methacrylate) by a sol-gel process, Chem. Mater., 1997, 9, 2709. 
9
 C. L. Jackson, B. J. Bauer, A. I. Nakatani and J. D. Barnes; Synthesis of hybrid organic-inorganic materials 
from interpenetrating polymer network chemistry, Chem. Mater., 1996, 8, 727. 
10
 K. D. Kreuer; On the development of proton conducting polymer membranes for hydrogen and methanol fuel 
cells, J. Membr. Sci., 2001, 185, 29. 
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and permeation coefficient of the reactants trough the membrane10. These characteristics are 
desirable when the PEM is used in direct methanol fuel cells (DMFC), where methanol acts as 
fuel. Moreover, it has been shown that the incorporation of preformed silica particles11,12,13,14, 
silica generated in situ from the sol-gel process of TEOS during membrane formation15,16,17 or 
upon membrane impregnation18,19,20,21, mesoporous silica22, layered silicates23,24 like Laponite 
and montmorillonite helps to reduce the methanol permeability. In addition the silica fillers 
improve the mechanical stability by suppressing the swelling in methanol or in water at higher 
temperatures, while improving the water retention and therefore the proton conductivity at 
higher temperatures.  
Independent from the preparation method, also in the case of hybrid polyelectrolyte 
membranes the possibility to control the size and the size distribution of the inorganic 
                                                 
11
 T. Arimura, D. Ostrovskii, T. Okada and G. Xie; The effect of additives on the ionic conductivity performances 
of perfluoroalkyl sulfonated ionomer membranes, Solid State Ionics, 1999, 118, 1. 
12
 M. L. Ponce, L. A. S. d. A. Prado, V. Silva and S. P. Nunes; Membranes for direct methanol fuel cell based on 
modified heteropolyacids, Desalination, 2004, 162, 383. 
13
 P. L. Antonucci, A. S. Aricó, P. Cretí, E. Ramunni and V. Antonucci; Investigation of a direct methanol fuel 
cell based on a composite Nafion-silica electrolyte for high temperature operation, Solid State Ionics, 1999, 125, 
431. 
14
 Y.-H. Su, Y. L. Liu, Y.-M. Sun, J.-Y. Lai, M. D. Guiver and Y. Gao; Using silica nanoparticles for modifying 
sulfonated poly(phthalazinone ether ketone) membrane for direct methanol fuel cell: a significant improvement 
on cell performance, J. Power Sources, 2006, 155, 111. 
15
 L. Tchicaya-Bouckary, D. J. Jones and J. Roziere; Hybrid polyaryletherketone membranes for fuel cell 
applications, Fuel Cells, 2002, 2, 40. 
16
 D. S. Kim, B. Liu and M. D. Guiver; Influence of silica content in sulfonated poly(arylene ether ether ketone 
ketone) (SPAEEKK) hybrid membranes on properties for fuel cell application, Polymer, 2006, 47, 7871. 
17
 Y. M. Kim, S. H. Choi, H. C. Lee, M. Z. Hong, K. Kim and H.-I. Lee; Organic-inorganic composite 
membranes as addition of SiO2 for high temperature-operation in polymer electrolyte membrane fuel cells 
(PEMFCs), Electrochim. Acta, 2004, 49, 4787. 
18
 K. A. Mauritz; Organic-inorganic hybrid materials: perfluorinated ionomers as sol-gel polymerization 
templates for inorganic alkoxydes, Mater. Sci. Eng., 1998, 6, 121. 
19
 N. Miyake, J. S. Wainright and R. F. Savinell; Evaluation of a sol-gel derived Nafion/silica hybrid membrane 
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(nano)particles within the organic polymer matrix is an important issue. Our contribution to 
this matter is presented in this Chapter where we describe the morphological characterization 
of hybrid organic-inorganic membranes prepared from solution, where the organic matrix is 
SPEEK and the inorganic filler is silica, in situ generated from the liquid inorganic polymer 
polyethoxysiloxane25 (PEOS) via a “water-free” sol-gel process. Due to its hyperbranched 
nature and its thermal stability, PEOS offers numerous advantages compared to its 
monomeric equivalent TEOS. Indeed, in the preparation of membranes for PEMFC, the 
ethoxy end-groups of PEOS could be easily modified, for example by acidic functional 
groups. The new functionalities could compensate the intrinsic lowering of ion exchange 
capacity that is achieved when inert fillers like silica are introduced within a polyelectrolyte 
membrane. Other research groups are moving in this direction, for example via the 
preparation of membranes modified with sulfonated montmorillonite26 or sulfonated 
Laponite27, but also sulfonated polysiloxanes28,29.  
Another interesting advantage of the use of PEOS regards its higher thermal stability: since 
the degradation of PEOS as prepared in our laboratories starts at 260 °C (see Ref. 25) silica-
based nanocomposites from melts can be also manufactured30,31. Moreover, simply comparing 
the brutto formula of TEOS – Si(OEt)4 – and PEOS – SiOx(OEt)4-2x where x can be calculated 
from 29Si NMR or elemental analysis – it is obvious that less water molecules are needed for 
the conversion of PEOS in silica and that less shrinkage can be expected in the preparation of 
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nanocomposites with PEOS, since this polymer has less end groups than its monomeric 
equivalent.  
SPEEK and PEOS have been previously used32,33 to prepare hybrid membranes from 
dimethylacetamide solutions via centrifugal casting. For the study reported in Chapter 3, the 
poly(ether ether ketone) was sulfonated in the presence of smoking sulfuric acid (oleum) and 
the polyethoxysiloxane was used as prepared (raw PEOS), without removing the low volatile 
fraction, monomer and oligomers, via a thin film evaporator (TFE). The morphology of the 
sample prepared with a PEOS content equal to 35 wt% was coarse (see Figure 3.2 in Chapter 
3). The size and the size distribution of the silica domain were rather big (0.2 – 3 µm), 
suggesting that the phase separation process was not very well controlled. Two possible 
reasons can be given to explain such a coarse phase separation. One is that, when SPEEK is 
prepared with oleum, while the sulfonation time is shortened, the amount of intermolecular 
crosslinking via pyrosulfate formation is likely to increase34,35. The crosslinking has a 
manifold effect of inducing inhomogeneity in the polymer solution, reducing the amount of 
sulfonic acid groups available for catalyzing the conversion of PEOS into silica, influencing 
the mobility of the chains and thus the extension of phase separation (between the 
hydrophobic aromatic chain and the hydrophilic sulfonic acid groups) and increasing the 
rigidity of whole system. The second explanation for the strong SPEEK-silica phase 
separation is that the different molecular weight fractions present in the hydrophobic 
hyperbranched silica precursor will separate to different extent from the hydrophilic SPEEK, 
and eventually will start to nucleate in different moments, leading to broad size and size 
distribution of the silica domains within the organic matrix. Moreover, during the preliminary 
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investigations described in Chapter 3, little attention was paid to the effect of stirring 
conditions on the final morphology.  
In the present Chapter we present our efforts to reduce and control the extent of the SPEEK-
silica phase separation, by using SPEEK prepared without oleum and PEOS containing only 
the high molecular weight fraction (HMW), and by checking the influence of the stirring time 
and temperature on the final morphology. The effect of the casting method on the morphology 
is also addressed in this Chapter. 
The analytical tool of choice for the determination of the particle size and their distribution 
within the membranes was transmission electron microscopy. 
Putting special emphasis on the morphological characterization of SPEEK-silica membranes, 
we contribute to create a useful starting point for designing new industrially relevant silica-
based nanocomposites where PEOS could advantageously replace TEOS. 
 
 
6.2 Experimental section 
6.2.1 Materials 
Polyetheretherketone (PEEK) Victrex 450 PF powder form (particle size less than 100 µm) 
was kindly provided by Victrex. PEEK was dried in vacuum at 60 °C over P2O5 overnight 
before use. Sulfuric acid 95-97 wt% (pro analysis), tetraethoxysilane (TEOS, for synthesis), 
acetic anhydride (for synthesis), tetraethyltitanate (purum, Fluka), dimethylacetamide 
(DMAc, for synthesis) were used as received. All reagents were purchased from Merck, if not 
otherwise specified.  
6.2.2 Polymers synthesis 
Poly(ether ether ketone) was sulfonated up to 64 % degree of sulfonation using concentrated 
sulfuric acid (95-97 %) as described in "Procedure 2" given in Chapter 2. PEEK (15 g) was 
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dissolved in H2SO4 (300 mL) at room temperature (RT). The dissolution took ca 1 h. The 
temperature was then increased to 50 °C. The reaction was stopped after 5 ½ hours (the 
sulfonation time) by precipitating the solution in an ice-water bath. Subsequently the 
precipitate was repeatedly washed in demineralized water and then dried. 
Polyethoxysiloxane (PEOS) was prepared from an equimolar reaction of TEOS and acetic 
anhydride in the presence of tetraethyltitanate used as catalyst (0.3 mol %), as described in 
Chapter 2 and in Ref. 25. The low volatile fraction developed during synthesis of PEOS were 
removed with a thin film evaporator, and only the high molecular weigh fraction was used for 
membrane preparation ( nM  = 1740 g/mol; SiO2 content = 48 wt%). 
 
 
6.2.3 Membrane preparation 
The membranes were prepared from SPEEK-PEOS solutions via two different casting 
methods: centrifugation and knife coating. For each method, a typical example of the 
preparation is reported. 
- Centrifugation Dry SPEEK (0.35 g, 1.03 mmol; DS = 64 %) was dissolved at RT in DMAc 
(4 mL; concentration = 0.087 g/mL). PEOS (0.19 g, 1.5 mmol; 35 wt% of the total weight of 
the two polymers) was dissolved in DMAc (0.5 mL). The two solutions were mixed with a 
magnetic stirrer at RT for 120 minutes. The final solution was poured at RT into a rotating 
(5000 rpm) stainless steel cylindrical beaker (inside dimension = 8x3 cm) mounted into a 
centrifuge and immediately heated with a heating gun (see Chapter 2 and Ref. 33 for details). 
The temperature of the rotating beaker was monitored with an infrared thermometer. After 
reaching 100 °C (within 10 min), it was kept at this temperature for additional 20 min and 
then at 120 °C for 40 min. The so formed membrane was 35 µm thick.  
The described sample was named "c_dil_SP-PE.35,D".  
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- Knife coating Dry SPEEK (0.35 g, 1.03 mmol; DS = 64 %) was dissolved at RT in DMAc 
(2 mL; concentration = 0.175 g/mL). PEOS (0.19 g, 1.5 mmol; 35 wt% of the total weight of 
the two polymers) was dissolved in DMAc (0.5 mL). The two solutions were mixed with a 
magnetic stirrer at RT for 120 minutes. The final solution was uniformly spread on a glass 
plate (3 mm thick, carefully cleaned with acetone) with a knife-coater (gap = 350 µm) and 
transferred in an oven without controlled air circulation at 50 °C for 5 h and then in a second 
oven with air circulation at 120 °C for 16 h (this heating procedure was named "slow solvent 
evaporation"). The so formed membrane was 35 µm thick. 
The described sample was named "k,s_conc_SP-PE.35,D".  
 
The working instructions given above can be used as guidelines. However, some parameters 
were systematically changed during the preparation of the samples reported in this Chapter. 
To simplify the identification of the preparation procedure, each sample was univocally 
named by highlighting the relevant parameters used for its preparation. Such variables were 
grouped into four fields that appear in the sample's name in the following order: 
1) Casting method, 
speed of solvent 
evaporation 
2) SPEEK in DMAc: 
concentration 
3) PEOS:  
amount of PEOS, 
type of solvent used 
for its dilution 
4) Extra information: 
i) stirring temperature and time 
of solution 
ii) addition of water in solution 
iii) final film thickness 
 
In the following some explanations on the variables in the four fields are given. In the sample 
name SPEEK is abbreviated into “SP” and PEOS into “PE”.  
Field 1) Casting method, speed of solvent evaporation  
The membranes were formed by the evaporation of solvent from SPEEK-PEOS solution cast 
either in a rotating metal beaker or over a glass plate. During centrifugal casting ("c" in 
sample nomenclature), all the solutions were treated as the sample exemplarily described 
above. For this casting procedure, the speed of solvent evaporation was always described as 
fast and it was omitted in the samples' nomenclature. The evaporation of the solvent during 
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knife-coater casting (indicated with "k") was either slow ("s"), as already described, or fast 
("f"). In this last case, the sample was heated in an oven without air circulation at 50 °C for 15 
min, followed by 16 h at 120 °C in a second oven with air circulation. 
Field 2) SPEEK in DMAc: concentration 
Dry sulfonated poly(ether ether ketone) having a degree of sulfonation equal to 64 % was 
used for the preparation of all the membranes of this study. A fixed amount of SPEEK was 
used for centrifuge and knife cast membranes (0.35 g). SPEEK was dissolved always in 
DMAc (therefore not specified in the nomenclature), at two different concentrations: 0.087 
g/mL (more diluted, later referred to as "dil") and 0.175 g/mL (more concentrated, later 
referred to as "conc"). For the knife casting only concentrated solutions were prepared, while 
both diluted and concentrated solutions were used for the centrifugal casting. 
Field 3) PEOS: amount of PEOS, type of solvent used for its dilution 
The amount of PEOS introduced in the solution was calculated as weight percentage of the 
total weight of the two polymers. In this study, mainly three PEOS amounts were used: 35, 50 
and 65 wt%. For commodity reasons, through the text we refer to the mass of PEOS (wt%) 
that was used. However, the reader should keep in mind that this study was based on the 
working hypothesis that PEOS fully converts into silica during membrane formation upon 
heating, thanks to the water present in the air and in the solvent, and to the catalytic action of 
the sulfonic acid groups of SPEEK. Thus, knowing that the SiO2 content in the PEOS 
synthesized as described is 48 wt%, the chosen amounts of the silica precursor should result 
in approximately the following final silica contents: 21, 32 and 47 wt%, respectively. 
PEOS was dissolved in DMAc (abbreviated into "D") or in MeOH (abbreviated into "M") to 
favor its miscibility with the SPEEK solution. The amount of diluting solvent was fixed to 0.5 
mL for the solutions containing 35 and 50 wt% of PEOS and 1.5 mL for the solutions 
containing 65 wt% of PEOS, independently from the procedure adopted. The weight 
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percentage of PEOS and the solvent used for its dilution appear in the sample's name as "SP-
PE.number,D/M". 
Field 4) Extra information 
While the first three fields always appeared in a sample's name, this last field was inserted 
only when it was necessary to address the attention of the reader toward a specific aspect of 
sample preparation, such as: i) stirring temperature and time of solution; ii) addition of 
water in solution; iii) final film thickness. 
i) The SPEEK and PEOS solutions were mixed together with a magnetic stirrer, at defined 
temperature (given in degree Celsius, "numberC") and time (given in minutes, "numberm"). 
The standard mixing conditions were considered 25 °C (alternatively referred to as room 
temperature, RT, through the text) and 120 min. The stirring settings were specified in the 
names only when different from the standard.   
ii) In some cases, demineralized water ("w") was added to the solution during stirring. The 
amount of water used was given as percentage to PEOS ethoxy end-groups (mol / mol). When 
used, this number was specified in the name as "wnumber %". 
iii) By both casting methods described so far, a final film thickness of 30-45 µm was 
achieved. However, some samples were prepared via knife coating by setting the knife gap at 
700 µm instead of the standard 350 µm. Therefore, the final thickness increased. This change 
in membrane preparation was stressed in the nomenclature by adding "_thick" at the end of 
sample name (in this case, the final film thickness was 90 µm).  
 
The detailed description of all the samples is given in Table 6.1.  
Finally, it has to be mentioned that, in case the SPEEK-PEOS solutions were turbid, they 
were heated in water bath at 67 °C until they became clear.  
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6.2.4 Membrane morphology 
The morphology of the membranes was investigated by transmission electron microscopy 
(TEM). For TEM analysis, the samples, as prepared, were immersed in a liquid epoxy resin 
(SPURR-kit, soft formulation, Sigma-Aldrich) and hardened at 50 °C for 48 h. The embedded 
samples were microtomed at room temperature using a Reichert Ultracut microtome equipped 
with a diamond knife. The ultra thin sections (50-100 nm) were collected on plain copper 
grids (400 mesh). Two instruments were used to examine the sections: the Philips CM10 
TEM operated at 100 kV and the Zeiss Libra120 operated at 120 kV. The contrast between 
the silicon-containing phase and the polymer was sufficient for imaging, and no staining was 
required.  
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Table 6.1  
List of hybrid SPEEK-silica membranes described in this Chapter and their preparation. 
 
Sample name 
(a)
 
SPEEK 
solution 
g/mL 
(b) 
PEOS 
g (wt%) 
(c) 
PEOS 
diluent 
mL & type 
(d) 
Mixing 
temp.  
& time  
°C; min 
(e)
 
Add 
H2O 
mol 
% 
(f) 
c_dil_SP-PE.35,D_25C-5m  0.087 0.19 (35) 0.5 ; DMAc 25 ; 5 - 
c_dil_SP-PE.35,D 0.087 0.19 (35) 0.5 ; DMAc 25 ; 120 - 
c_dil_SP-PE.35,D_80C-5m 0.087 0.19 (35) 0.5 ; DMAc 80 ; 5 - 
c_dil_SP-PE.35,D_80C-120m 0.087 0.19 (35) 0.5 ; DMAc 80 ; 120 - 
 
c_dil_SP-PE.65,D_25C-5m 0.087 0.65 (65) 1.5 ; DMAc 25 ; 5 - 
c_dil_SP-PE.65,D 0.087 0.65 (65) 1.5 ; DMAc 25 ; 120 - 
c_dil_SP-PE.65,D_80C-5m 0.087 0.65 (65) 1.5 ; DMAc 80 ; 5 - 
c_dil_SP-PE.65,D_80C-120m 0.087 0.65 (65) 1.5 ; DMAc 80 ;120 - 
 
k,s_conc_SP-PE.35,D 0.175 0.19 (35) 0.5 ; DMAc 25 ; 120 - 
k,s_conc_SP-PE.35,M 0.175 0.19 (35) 0.5 ; MeOH 25; 120 - 
 
c_conc_SP-PE.35,M 0.175 0.19 (35) 0.5 ; MeOH 25; 120 - 
c_conc_SP-PE.65,M 0.175 0.65 (65) 1.5 ; MeOH 25; 120 - 
    
  
 
k,s_conc_SP-PE.35,D_25C-15m_thick 0.175 0.19 (35) 0.5 ; DMAc 25 ; 15 - 
k,s_conc_SP-PE.35,D_25C-120m_thick 0.175 0.19 (35) 0.5 ; DMAc 25 ; 120 - 
k,s_conc_SP-PE.35,D_25C-840m_thick 0.175 0.19 (35) 0.5 ; DMAc 25 ; 840 - 
    
  
 
k,s_conc_SP-PE.50,M 0.175 0.35 (50) 0.5 ; MeOH 25 ; 120 - 
k,f_conc_SP-PE.50,M 0.175 0.35 (50) 0.5 ; MeOH 25 ; 120 - 
    
  
 
k,s_conc_SP-PE.50,M_w25% 0.175 0.35 (50) 0.5 ; MeOH 25 ; 120 25 
k,f_conc_SP-PE.50,M_w25% 0.175 0.35 (50) 0.5 ; MeOH 25 ; 120 25 
c_dil_SP-PE.35,D_80C-120m_w100% 0.087 0.19 (35) 0.5 ; DMAc 80 ;120 100 
 
(a)
 Abbreviations used in the sample name: "c" = centrifuge, "k" = knife coater; "s" and "f" = slow and 
fast solvent evaporation for knife coating; "dil" and "conc" = diluted and concentrated = concentration of 
SPEEK in DMAc (0.087 and 0.175 g/mL, respectively);  “SPEEK-PEOS.zz,D/M” = zz is PEOS weight 
percentage, "D" = DMAc and "M" = MeOH, solvents used to dilute PEOS; "xxC-yym" = xx is stirring 
temperature in °C – yy is stirring time in minutes; "thick" = for knife coating, when the knife gap was set 
at 700 µm instead of the standard 350 µm; "wnr%" = water, "w", to PEOS end groups (mol%). 
(b)
 SPEEK was dissolved in DMAc at the given concentrations. 
(c)
 Amount of PEOS: given as grams and as percentage of PEOS to the total weight of the two polymers. 
(d)
 Solvent used to dissolve PEOS: amount (mL) and type. 
(e)
 Stirring conditions of the starting solutions. 
(f)
 Percentage of water to PEOS ethoxy end-groups (mol / mol). 
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6.3 Results and discussion 
In a previous study32,33, we proposed that sulfonated poly(ether ether ketone)-silica 
membranes, where silica is generated in situ from polyethoxysiloxane, could be potentially 
used in proton exchange membranes fuel cells. The efficiency of these devices depends on the 
efficiency of the proton transport through the membranes. We postulated that the proton 
transport in hybrid membranes occurs at the interface between the organic and the inorganic 
phase, and we aimed at the preparation of films where a continuous network of the inorganic 
phase forms in the organic matrix and high organic-inorganic surface area is achieved. While 
in that study we presented our concept and some preliminary results, in this Chapter we 
present our efforts to control the organic-inorganic phase separation and achieve the desired 
morphology. To the best of our knowledge, the formation of films from SPEEK-PEOS 
mixtures had not been previously reporeted by other research groups. Thus, it was the aim of 
this study to select a priori some parameters used during membrane preparation and report, by 
means of transmission electron microscopy images, the effect that their systematic variation 
had on the distribution and size of the silica phase within the organic matrix. These 
parameters were: concentration of the starting solutions, mixing time and temperature of the 
solutions, casting method (centrifuge vs. knife-coater), solvent’s speed of evaporation (vapor 
pressure), and addition of water to the initial mixture. Scheme 6.1 summarizes the 
experimental procedures that have been varied during this study.  
 
In addition, hybrid SPEEK-silica membranes with increasing silica content were also 
prepared. The morphology of such membranes is discussed in Chapter 7, together with their 
proton transport properties, measured by impedance spectroscopy and proton solid state 
nuclear magnetic resonance (1H SS-NMR). 
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The discussion of our investigations starts with the description of membranes preparation, 
from the starting solutions, through the casting methods, to the definition of the optical and 
mechanical appearance of the membranes (Paragraph 6.3.1 "Membrane preparation"). Then, 
at the beginning of Paragraph 6.3.2 "Membrane morphology", we make some critical 
assumptions about our interpretation of the TEM images that we present and discuss in the 
same Paragraph. Finally, in Paragraph 6.3.3 "General discussion", we present our 
interpretation of the results, followed by the "Conclusions" in Paragraph 6.4.  
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Scheme 6.1 Summary of the experiments reported in this study. The numbers indicate the 
order of presentation of the results through the text.  
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6.3.1 Membrane preparation 
The sulfonated poly(ether ether ketone) used for this study (DS = 64 %), was well soluble at 
room temperature in DMAc in the applied concentration range (0.09 – 0.18 g/mL). When 
PEOS was directly introduced in the SPEEK solution, the formation of a whitish precipitate 
was observed even at low PEOS concentration, most probably due to the fact that PEOS acted 
as bad solvent for the sulfonated polymer. It was therefore necessary to dilute PEOS in a 
suitable solvent (DMAc or MeOH) prior to mixing it with SPEEK. In some cases, methanol 
was used in order to reduce the fraction of high boiling solvent in the solution (boiling point: 
MeOH = 64.5 °C, DMAc = 166 °C). DMAc and MeOH are miscible in the composition range 
used in this study. The amount of diluting solvent was kept constant so that the solutions had 
comparable viscosity. However, when high amounts of diluted PEOS were used (65 wt%), 
oily droplets formed in the SPEEK solution. Such droplets did not disappear by addition of 
extra solvent, nor upon heating. The oily droplets were prevented by increasing the dilution of 
PEOS prior to mixing with SPEEK. 
Some solutions showed slight turbidity, independent from the composition. However, upon 
heating to 67 °C for few minutes (up to 10 min for high PEOS concentration), they became 
completely clear. We believe that such short mixing time at this temperature does not have 
influence on the final morphology, but it promotes a better dissolution of the two polymers in 
the solvent used. This effect will be discussed later (see Paragraph 6.3.2)  
At the end of the mixing time, the solutions were immediately cast. In general, centrifugal 
casting allows fast solvent evaporation without the formation of bubbles. However, the size of 
the obtained membranes is limited and imperfections in the system that are not easy to detect 
(not uniform metal beaker or not homogeneous rotation) can have large impact on the final 
appearance of the membranes (different thicknesses), especially on the thinner membranes. 
Nevertheless the centrifugal casting can be used to prove the effect of the fast solvent 
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evaporation, while the more traditional knife casting can be used to prove the feasibility of 
sample preparation on larger scale.  
The mechanical stability of the hybrid membranes was tested only qualitatively. The samples 
are defined tough when they do not break upon pulling or bending, breakable when they break 
upon bending only where defect points exist, brittle when they break upon bending 
independently from the place where the bending is applied and extremely brittle when the 
sample breaks in several pieces even without touching it. The breakable samples can be easily 
cut in the desired shape, while more care has to be taken when cutting the brittle samples. 
Breakable and brittle samples do not tend to break upon pulling and become easier to handle 
in the hydrated state.  
When observing their optical appearance, the samples are defined transparent when they are 
totally clear and colorless, opalescent when they have a slight pearly color and it is possible to 
see through them very clearly, translucent when the pearly coloration becomes more intense 
and it is possible to distinguish the shape of objects through the sample and opaque when it is 
very hard or not possible to see through the film.  
Broadly speaking, the samples prepared with 35 wt% of PEOS were tough and became 
breakable and brittle when more silica precursor was added (50 and 65 wt%, respectively). As 
for the optical appearance, the samples tended to become opaque with increasing PEOS 
content. However, distinctions have to be made when describing the samples obtained from 
centrifugal casting and that from knife casting. Therefore, the mechanical and optical 
appearances, together with the results from the TEM investigations, are discusses in details 
for each sample through the paragraph “Membrane morphology”. 
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6.3.2 Membrane morphology  
• Transmission electron microscopy: critical assumptions 
Transmission electron microscopy (TEM) was the method of choice to investigate the 
morphology of the membranes in the bulk. As alternative method, scanning electron 
microscopy (SEM) was also tried. However, the freeze-fractured samples were not stable 
under the electron beam of the SEM (overcharging phenomena were observed) and the carbon 
or gold sputtering used to stabilize them covered the smaller silica nanoparticles, thus 
providing misleading results.  
In the observation of the TEM images, the reader should take into account what follows. 
 The microtomed ultrathin sections were collected on plain, non coated copper grids 
since, if grids coated with a carbon film were used, the interpretation of the TEM images was 
ambiguous. Indeed, in case the carbon sputtering is not well executed or it is aged, it shows 
similar features to that found in the samples under investigation (2-5 nm nanoparticles). 
 The darker domains in the TEM images were unambiguously interpreted as silicon-
containing domains. Since they provided sufficient contrast for the observation under the 
TEM, sample staining was not required.  
 In most TEM images, bright areas were observed. We interpreted them as empty 
spaces, derived from the displacement of the silica particles from their position during 
microtoming. Since the displacement could depend on the thickness of the microtomed 
sections, care should be taken in attributing the removal of the particles from their position to 
their poor adhesion to the matrix. 
 The silica particles observed in this study exhibited mainly two shapes: round and 
elongated. For the round particles, the size of their diameter was reported. For the elongated 
particles, the size of their long side was reported.   
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• Centrifuge: variable mixing time and temperature of the starting solutions 
The effect of the stirring temperature and time on the final morphology was studied by 
preparing SPEEK-PEOS dilute solutions with two different compositions (namely 35 and 65 
wt% of PEOS), stirring them for 5 or 120 minutes at room temperature or at 80 °C, and 
casting them via centrifugation. In total eight samples were prepared, as summarized in Table 
6.2. Their transmission electron micrographs are shown in Figure 6.1 (c-SP-PE.35D series) 
and in Figure 6.2 (c-SP-PE.65D series).  
Table 6.2 
List of samples discussed through the text "Centrifuge: variable mixing time and temperature 
of the starting solutions" and their properties. 
 
Sample name (a) Optical 
appearance 
Mechanic 
stability 
Domains size Figure 
number 
c_dil_SP-PE.35,D_25C-5m  opalescent tough 40-135 nm round Fig. 6.1.a 
c_dil_SP-PE.35,D transparent tough 30-40 nm round Fig. 6.1.b 
c_dil_SP-PE.35,D_80C-5m slight 
opalesc. 
tough 20-80 nm oval Fig. 6.1.c 
c_dil_SP-PE.35,D_80C-120m translucent tough 110-320 nm 
 8-15 nm 
oval 
round 
Fig. 6.1.d 
 
c_dil_SP-PE.65,D_25C-5m opaque brittle 0.8-5.3µm 
0.2-1.4 µm 
35-160 nm 
irregualr 
oval 
round 
Fig. 6.2.1 
Fig. 6.2.a 
c_dil_SP-PE.65,D opaque brittle 1.4 x 0.8 µm 
15-170 nm 
oval-connected 
round 
Fig. 6.2.b 
c_dil_SP-PE.65,D_80C-5m opaque brittle 1.4-0.56 µm 
15-170 nm 
oval-connected 
round 
Fig. 6.2.c 
c_dil_SP-PE.65,D_80C-120m opaque brittle 1 µm  
35 nm 
oval  
round 
Fig. 6.2.d 
 
(a)
 Abbreviations used in the sample name: "c" = centrifuge; "dil" = diluted = concentration of SPEEK in DMAc 
(0.087 g/mL); "SP-PE.zz,D/M" = zz is PEOS weight percentage, "D" = DMAc = solvent used to dilute PEOS; 
"xxC-yym" = xx is stirring temperature in °C – yy is stirring time in minutes. 
 
All the membranes were 30-45 µm thick. The samples prepared with lower PEOS content (35 
wt%) were all tough, although they differed in their optical and TEM appearance. The 
samples obtained by mixing the solution for 5 and 120 minutes at room temperature were 
opalescent and transparent, respectively. Their optical appearance agreed with the TEM 
results, since the larger particles formed in sample c_dil_SP-PE.35,D_25C-5m (40-135 nm, 
round) conferred to it opalescence while the smaller particles in c_dil_SP-PE.35,D (30-40 nm, 
round) accounted for its transparency. 
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A good particles’ size distribution (20-80 nm) was obtained as well for the sample stirred 
shortly at 80 °C, but the larger particles conferred to it a slight opalescence. For sample 
c_dil_SP-PE.35,D_80C-120m, the silica domains were dispersed with a bimodal distribution 
Figure 6.1 TEM images of hybrid SPEEK-silica membranes prepared via centrifugal casting 
from diluted SPEEK-PEOS = 65-35 (wt/wt) solutions in DMAc (PEOS dissolved in DMAc). 
a) solution mixed at RT for 5 min (c_dil_SP-PE.35,D_25C-5m); b) solution mixed at RT for 
120 min (c_dil_SP-PE.35,D); c) solution mixed at 80 °C for 5 min (c_dil_SP-PE.35,D_80C-
5m); d) solution mixed at 80 °C for 120 min (c_dil_SP-PE.35,D_80C-120m).  
The images were acquired at the Philips CM10 TEM operated at 100 kV. 
 500 nm 
100 nm 
a b 
c d 
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of round (8-15 nm) and oval (110-320 nm) particles that translated into a translucent 
membrane.  
In all the samples reported in Figure 6.1, the silica phase was uniformly distributed within the 
organic matrix and the maximum particle size was well below the micrometer range obtained 
in the work previously recalled. However, a bicontinuous network was not observed in these 
membranes. Therefore the same kind of experiment was repeated preparing four samples with 
higher PEOS content (65 wt%). These membranes were all opaque, due to the large size of 
the silica domains, as confirmed by TEM (see Figure 6.2). In particular, the membrane 
prepared by stirring the solution for 5 minutes at room temperature showed the coarsest 
morphology comprising big domains of very irregular shape (5.3 µm long and 0.8 µm wide, 
Figure 6.2.1), oval particles of multiple size distribution (length between 0.2 and 1.4 µm, 
Figure 6.2.a), and spherical particles with diameter between 35 and 160 nm. These strong 
irregularities in the morphology of the sample c_dil_SP-PE.65,D_25C-5m matched its 
mechanical properties, since some parts of this membrane broke more readily than others. 
After mixing the SP-PE.65 solutions for 120 minutes at RT or for 5 minutes at 80 °C and 
casting them via centrifugation, the morphology resulted in a continuous network of the 
organic polymer within inorganic interconnected domains (darker areas). By observing the 
latter, it is possible to discern oval silica particles that coalesce with each other.  
Moreover, spherical silica nanoparticles (15-170 nm) were included in the organic phase, 
indicating that the organic-inorganic phase separation occurred in different steps.  
Although a bicontinuous network was formed, the samples were rather brittle due to the high 
silica content and to the large size of both phases (the width of the organic channels could be 
roughly estimated between 0.2 and 1 µm, and the length of the discerned oval SiO2 particles 
was approximately between 300 and 500 nm). 
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Figure 6.2 TEM images of hybrid SPEEK-silica membranes prepared via centrifugal casting 
from diluted SPEEK-PEOS = 35-65 (wt/wt) solutions in DMAc (PEOS dissolved in DMAc).  
a) solution mixed at RT for 5 min (c_dil_SP-PE.65,D_25C-5m); b) solution mixed at RT for 120 
min (c_dil_SP-PE.65,D); c) solution mixed at 80 °C for 5 min (c_dil_SP-PE.65,D_80C-5m); d) 
solution mixed at 80 °C for 120 min (c_dil_SP-PE.65,D_80C-120m). The images were acquired 
at the Philips CM10 TEM operated at 100 kV. 
 500 nm 
Figure 6.2.1  
Additional detail of sample c_dil_SP-PE.65,D_80C-5m.  
This TEM image was taken in a different position than the one 
shown in Fig. 6.2.a 
 
a b 
c d 
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The network fell apart when the mixing time at high temperature was prolonged. Indeed the 
morphology of sample c_dil_SP-PE.65,D_85C-120m was characterized by the presence of 
large oval silica particles (up to 1 µm long) distributed within the organic matrix fully dotted 
with additional smaller spherical particles (35-100 nm).  
 
Mild temperatures in combination with longer stirring times lead to the formation of desirable 
high interface area and bicontinuous network in case of lower (21 wt%) and higher (47 wt%) 
silica content, respectively. For this reason, such stirring conditions were adopted for further 
membrane preparation and were considered "standard" conditions (not stressed in sample 
name).  
Moreover, in the description of the preparation of the membranes (see Paragraph 6.3.1) we 
reported that some turbid solutions were heated for short time at high temperature (67 °C) to 
favor the dissolution of the polymers and obtain clear solutions. The comparison of the 
samples stirred at RT for two hours and that at 80 °C for 5 minutes demonstrated that mixing 
the solutions for short time at high temperature did not have impact on the final morphology. 
 
• Knife coater: variable mixing time of the starting solutions 
Although centrifugal casting allows fast membrane formation and the determination of the 
parameters that influence the final morphology, it is not suitable for the preparation of 
membranes as larger scale. Therefore, complementary to this method, the solutions were cast 
also with a knife coater. From the experiments on the centrifuge cast samples, it was 
concluded that the morphology of the membranes depends on the stirring conditions of the 
starting solutions. In particular, mixing the solutions at RT for two hours resulted in a 
morphology that approached the desired one. These stirring conditions were used to prepare 
membranes with the knife coater. However, also for this casting method, it was checked 
whether mixing the starting solutions for different times influenced the morphology.  
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In the following we describe the preparation and the results of three selected membranes 
obtained from SPEEK-PEOS solutions (PEOS = 35 wt%, dissolved in DMAc) stirred at room 
temperature for 15, 120, and 840 minutes, respectively, and cast with the knife coater.  
Table 6.4 lists the samples discussed in the following and their properties (the samples 
presented for the first time are highlighted). 
Table 6.3  
List of samples discussed through the text "Knife coater: variable mixing time of the starting solutions" and 
their properties.  
 
Sample name (a) Optical 
appearance 
Mech. 
stability 
Domains size Figure 
number 
k,s_conc_SP-PE.35,D_thick opalescent tough 50-170 nm 
8-15 nm 
2-5 nm 
oval 
diffuse 
round 
Fig.6.3.a 
Fig.6.3.b 
k,s_conc_SP-PE.35,D_25C-15m_thick opalescent tough 50-170 nm 
8-15 nm 
2-5 nm 
oval 
diffuse 
round 
Fig.6.4.a 
k,s_conc_SP-PE.35,D_25C-840m_thick opalescent tough 50-170 nm 
8-15 nm 
2-5 nm 
oval 
diffuse 
round 
Fig.6.4.b 
Fig.6.5.a 
Fig.6.5.b 
c_dil_SP-PE.35,D_25C-5m  opalescent tough 40-135 nm round Fig. 6.1.a 
c_dil_SP-PE.35,D transparent tough 30-40 nm round Fig. 6.1.b 
 (a)
 Abbreviations used in the sample name: "c" = centrifuge; "k" = knife coater; "s" = slow solvent 
evaporation; "dil" and "conc" = diluted and concentrated = concentration of SPEEK in DMAc (0.087 and 
0.175 g/mL); "SPEEK-PEOS.zz,D/M" = zz is PEOS weight percentage, "D" = DMAc = solvent used to 
dilute PEOS; "xxC-yym" = xx is stirring temperature in °C – yy is stirring time in minutes; "thick" = when 
knife gap is set to 700 µm instead of standard the 350 µm. 
 
The viscosity of the SPEEK solutions needed to be increased (from 0.087 to 0.175 g/mL) so 
that they could be easily spread on the glass plate (see Table 6.1 for details). The gap of the 
knife coater was set at 700 µm. After heating the samples accordingly to the so called "slow 
evaporation", three thick (90 µm), opalescent and tough membranes were obtained. Since the 
thickness of these membranes was higher than all the other samples described in this study, 
this feature was specified in the sample name.  
The TEM micrograph of the sample prepared from standard mixing conditions, k,s_conc_SP-
PE.35,D_thick, is reported in Figure 6.3.a together with a micrograph that shows the details of 
the sample’s matrix (Figure 6.3.b). Silica particles slightly elongated in one direction (length 
varying between 50 and 170 nm) were dispersed within the organic matrix. Moreover, 
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domains characterized by diffused edges and ranging between 8 and 15 nm formed all over 
the samples together with very little sharp black particles (2-5 nm).  
 
 
Similar morphology was obtained also for samples k,s_conc_SP-PE.35,D_25C-15m_thick 
and k,s_conc_SP-PE.35D_25C-840m_thick (compare Fig. 6.4.a and Fig. 6.4.b with Fig. 
6.3.a).  
 
Figure 6.3 TEM images of hybrid SPEEK-silica membrane prepared via knife-coater 
casting (gap = 700 µm) from concentrated SPEEK-PEOS = 65-35 (wt/wt) solution in DMAc 
(PEOS dissolved in DMAc) mixed at room temperature for 120 minutes. The final 
membrane was 90 µm thick. a) and b) k,s_conc_SP-PE.35,D_thick and enlargement. 
The images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
a b 
a b 
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Also in these cases the silica particles formed with multiple size distribution, resulting in 
elongated silica particles in the range of 50-170 nm, diffused domains of 8-15 nm and very 
little sharp black particles (2-5 nm) well visible in the bigger inorganic domains. 
As an example, Figure 6.5 displays some details of the smaller particles in sample 
k,s_conc_SPEEK-PEOS.35,D_25C-840m_thick: the less defined in Figure 6.5.a (a circle 
highlights one of them) and the more sharp in Figure 6.5.b. 
 
 
 
 
From these results it appears that, in case of knife coated thicker samples heated following the 
slow evaporation protocol, stirring the solutions for different times at RT did not have impact 
on the morphology. This conclusion differs from what was observed in the case of centrifuge-
Figure 6.5 Details of sample k,s_conc_SPEEK-PEOS.35,D_25C-840m_thick (enlargements 
of Figure 6.4.b). a) diffused inorganic domains (8-15 nm); b) little silica particles (2-5 nm) 
within a larger domain. 
Figure 6.4 (previous page) TEM images of hybrid SPEEK-silica membranes prepared via 
knife-coater casting (gap = 700 µm) from concentrated SPEEK-PEOS = 65-35 (wt/wt) 
solutions in DMAc (PEOS dissolved in DMAc) mixed at room temperature for 15 (left) and 
840 (right) minutes. The final membranes were 90 µm thick. a) k,s_conc_SP-PE.35,D_25C-
15m_thick; b) k,s_conc_SP-PE.35,D_25C-840m_thick.  
The images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
a b 
162 
cast samples (see comparison of samples c_dil_SPEEK-PEOS-35,D_25C-5m and 
c_dil_SPEEK-PEOS-35,D in Figure 6.1.a and Figure 6.1.b). 
The morphology of the samples obtained from standard mixing conditions via knife coating 
differed from that of the centrifuge cast sample (compare Figure 6.6.a with Figure 6.1.b). Not 
only the knife cast sample was characterized by multimodal particle size distribution instead 
of monomodal, but also the silica particles in the 100 nm range were bigger (50-170 nm) and 
elongated in the knife coated sample and smaller (30-40 nm) and round in the centrifuge cast 
sample. However, before proposing a possible explanation for these differences, we should 
consider that many parameters were varied from the preparation of sample c_dil_SPEEK-
PEOS.35,D to sample k,s_conc_SPEEK-PEOS.35,D_thick, such has: 
 concentration of the SPEEK solution in DMAc (0.087 vs. 0.175 g/mL); 
 speed of solvent evaporation (fast vs. slow) and casting method (centrifuge vs. knife); 
 final thickness of the membranes (35 vs. 90 µm). 
 
The variation of these experimental parameters and their effect on the morphology are treated 
separately in the next paragraphs, through the presentation of TEM images and their 
description. After presenting all the TEM results, our interpretation is given in the Paragraph 
6.3.3 "General discussion".  
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• Knife coater: variable membrane thickness // dissolution of PEOS in methanol 
In this paragraph we discuss how the morphology of knife coated samples is influenced by the 
final thickness of the membranes and by dissolution of PEOS in methanol instead of DMAc. 
The samples mentioned in this discussion are listed in Table 6.4 together with their properties 
(the samples presented for the first time are highlighted). 
Table 6.4  
List of samples discussed through the text "Knife coater: variable membrane thickness // dissolution of 
PEOS in methanol" and their properties.  
 
Sample name (a) Optical 
appearance 
Mechanical 
stability 
Domains size Figure 
number 
 k,s_conc_SP-PE.35,D transparent tough 35-80 nm 
4-13 nm 
oval 
round 
Fig. 6.6.a 
Fig. 6.6.b 
k,s_conc_SP-PE.35,M transparent tough 35-80 nm 
4-13 nm 
oval 
round 
Fig. 6.7.a 
Fig. 6.7.b 
k,s_conc_SP-PE.35,D_thick opalescent tough 50-170 nm 
8-15 nm 
2-5 nm 
oval 
diffuse 
round 
Fig. 6.3.a 
Fig. 6.3.b 
c_dil_SP-PE.35,D transparent tough 30-40 nm round Fig. 6.1.b 
 (a)
 Abbreviations used in the sample name: "c" = centrifuge; "k" = knife coater; "s" = slow solvent 
evaporation; "dil" and "conc" = diluted and concentrated = concentration of SPEEK in DMAc (0.087 and 
0.175 g/mL); "SPEEK-PEOS.zz,D/M" = zz is PEOS weight percentage, "D" and "M" = DMAc and 
Methanol = solvents used to dilute PEOS; "thick" = when knife gap is set to 700 µm instead of the 
standard 350 µm. 
 
A concentrated SPEEK solution containing PEOS (35 wt%) dissolved in DMAc was stirred 
for 2 h at RT, cast on glass plate (knife gap = 350 µm) and heated accordingly to the so called 
"slow evaporation", so that the final thickness was comparable to that of centrifuge cast 
samples (30-45 µm). Moreover, a similar sample was prepared where PEOS was dissolved in 
methanol instead of DMAc.  
Both samples were transparent and tough. The TEM images of sample k,s_conc_SP-PE.35,D 
and sample k,s_conc_SP-PE.35,M are shown in Figure 6.6 and Figure 6.7, respectively. For 
both samples a bimodal particle size distribution was observed, characterized by oval silica 
particles (35-80 nm) and smaller round and sharp particles (4-13 nm).  
Thus, reducing the fraction of high boiling solvent by addition of MeOH did not have impact 
on the final morphology.  
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Figure 6.7 TEM images of hybrid SPEEK-silica membranes prepared via knife-coater 
casting (gap = 350 µm) with slow solvent evaporation from concentrated SPEEK-PEOS = 
65-35 (wt/wt) solutions in DMAc (PEOS dissolved in MeOH).  
a) and b) k,s_conc_SP-PE.35,M and enlargement.  
The images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
Figure 6.6 TEM images of hybrid SPEEK-silica membrane prepared via knife-coater 
casting (gap = 350 µm) with slow solvent evaporation from concentrated SPEEK-PEOS = 
65-35 (wt/wt) solution in DMAc (PEOS dissolved in DMAc).  
a) and b) k,s_conc_SP-PE.35,D and enlargement.  
The images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
a b 
a b 
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The comparison of the knife cast samples prepared at two different thicknesses revealed that 
during the formation of the thinner sample (k,s_conc_SP-PE.35,D; Figure 6.6), smaller and 
better distributed silica particles were created than in the thicker sample (k,s_conc_SP-
PE.35,D_thick; Figure 6.3). 
 
When comparing the knife and the centrifuge coated sample with similar thickness 
(k,s_conc_SP-PE.35,D of Figure 6.6 vs. c_dil_SP-PE.35,D of Figure 6.1.b), we observe that 
the silica particles are in the same size range but in the membranes prepared via 
centrifugation, the particles were round, of monomodal size distribution and appeared closer 
to each other. Also in this case, before drawing conclusions on these differences, we should 
consider that the knife-coated sample was prepared from a concentrated SPEEK solution and 
that the solvent evaporated faster in the case of the centrifuge-coated membrane. Thus, the 
effect of concentration and of speed of solvent evaporation is first presented and the results 
will be discussed in Paragraph 6.3.3 "General discussion". 
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• Centrifuge: concentration/viscosity of starting solutions  
In this paragraph we discuss how the final morphology is influenced by the amount of solvent 
used to dissolve SPEEK, i.e. by the viscosity and the relative water content of the starting 
solutions. The samples mentioned in this discussion are listed in Table 6.5 together with their 
properties (the samples presented for the first time are highlighted). 
Table 6.5  
List of samples discussed through the text "Centrifuge: concentration/viscosity of starting 
solutions" and their properties.  
 
Sample name (a) Optical 
appearance 
Mechanical 
stability 
Domains size Figure 
number 
c_conc_SP-PE.35,M opalescent tough 50-135 nm 
3-13 nm 
oval 
round 
Fig. 6.8.a 
Fig. 6.8.b 
c_dil_SP-PE.35,D transparent tough 30-40 nm round Fig. 6.1.b 
k,s_conc_SP-PE.35,M transparent tough 35-80 nm 
4-13 nm 
oval 
round 
Fig. 6.7.a 
Fig. 6.7.b 
c_conc_SP-PE.65,M opaque brittle 150-700 nm 
8-15 nm 
oval 
irregular 
Fig. 6.9.a 
Fig. 6.9.b 
c_dil_SP-PE.65,D opaque brittle 1.4 x 0.8 µm 
15-170 
oval-connect 
round 
Fig. 6.2.b 
c_dil_SP-PE.65,D_80C-120m opaque brittle 1.4 x 0.8 µm 
15-170 nm 
oval 
round 
Fig. 6.2.d 
 (a)
 Abbreviations used in the sample name: "c" = centrifuge; "k" = knife coater; "s" = slow solvent 
evaporation; "dil" and "conc" = diluted and concentrated = concentration of SPEEK in DMAc (0.087 and 
0.175 g/mL); "SP-PE.zz,D/M" = zz is PEOS weight percentage, "D" and "M" = DMAc and Methanol = 
solvents used to dilute PEOS. 
 
A low amount of solvent (higher viscosity and concentration) is expected to reduce the 
mobility within the system, to delay the phase separation and, eventually by fast solvent 
evaporation, to freeze the system in the early stages of phase separation. On the other hand, 
given that water is always present in the solvent, high amount of solvent is expected to 
introduce more water in the system, which increased the rate of hydrolysis of the PEOS end-
groups.  
Two concentrated solutions of SPEEK in DMAc were prepared, to which PEOS (dissolved in 
methanol) was added (35 and 65 wt%, respectively). After stirring for two hours at room 
temperature, the solutions were cast via centrifugation.  
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Sample c_conc_SP-PE.35,M was tough but opalescent, revealing that the silica domains were 
bigger not only than in the more diluted sample, but also than in the knife-coated sample with 
similar viscosity, both being transparent. This observation was confirmed at the electron 
microscope (see TEM images in Figure 6.8.a and Figure 6.8.b).  
 
 
Also in this case the organic-inorganic phase separation resulted in a bimodal particle size 
distribution, where oval inorganic domains of 50-135 nm and smaller silica round particles (3-
13 nm) scattered all over the sample. Casting conditions being equal, the more diluted sample 
(c_dil_SP-PE.35,D, Figure 6.1.b) showed better morphology than the concentrated. Also the 
morphology of the sample prepared with higher PEOS amount (65 wt%) changed when 
starting from a more concentrated solution that was quickly heated. The bicontinuous network 
observed for sample c_dil_SP-PE.65,D (Figure 6.2.b) was lost in sample c_conc_SP-PE.65,M 
(Figure 6.9.a, and the enlargement in Figure 6.9.b). The morphology of this membrane, 
characterized by large oval silica particles (150-700 nm) and smaller, less defined ones (8-15 
nm), resembled sample c-SP-PE.65D_80C-120m (Figure 6.2.d).  
Figure 6.8 TEM images of hybrid SPEEK-silica membranes prepared via centrifugal casting 
from concentrated SPEEK-PEOS = 35-65 (wt/wt) solution in DMAc (PEOS dissolved in 
MeOH), stirred for 120 min at RT. a) and b): c_conc_SP-PE.35,M and enlargement. The 
images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
a b 
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We ascribe these results to the relatively higher content of water in the more diluted sample. 
The effect of the presence of water in solution is taken up in more details later. 
 
The comparison of the more viscous samples prepared with two different casting methods (in 
Table 6.5 compare c_conc_SP-PE.35,M with k,s_conc_SP-PE.35,M), showed that slower 
evaporation caused smaller size and narrower size distribution of the inorganic domains in the 
100 nm range. This result contradicted the formulated hypothesis that faster evaporation leads 
to arrest of the phase separation in its early stages and therefore to a reduced size of the 
inorganic domains within the organic matrix. Since we believe that this point is crucial to the 
understanding of our system and, since we are not able to quantify the contribution of the 
centrifugation effect on the speed of solvent evaporation, we prepared knife-coated samples 
heated at two speeds to verify this result.       
 
 
Figure 6.9 TEM images of hybrid SPEEK-silica membranes prepared via centrifugal casting 
from concentrated SPEEK-PEOS = 35-65 (wt/wt) solution in DMAc (PEOS dissolved in 
MeOH), stirred for 120 min at RT. a) and b): c_conc_SP-PE.65,M and enlargement. The 
images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
a b 
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 Knife: slow/fast solvent evaporation 
In this paragraph we discuss how the final morphology is influenced by the speed of solvent 
evaporation when the membranes are prepared via knife coating. The samples mentioned in 
this discussion are listed in Table 6.6 together with their properties (the samples presented for 
the first time are highlighted). 
Table 6.6  
List of samples discussed through the text "Knife: slow/fast solvent evaporation" and their properties.  
 
Sample name (a) Optical 
appearance 
Mechanical 
stability 
Domains size Figure 
number 
k,s_conc_SP-PE.50,M opalescent tough 50-150 nm 
2.5-4 nm 
oval 
round 
Fig. 6.10.a 
k,f_conc_SP-PE.50,M translucent breakable 130-440 nm 
5-15 nm 
round 
round 
Fig. 6.10.b 
k,s_conc_SP-PE.35,M transparent tough 35-80 nm 
4-13 nm 
oval 
round 
Fig. 6.3.c 
Fig. 6.3.d 
c_conc_SP-PE.35,M opalescent tough 50-135 nm 
3-13 nm 
oval 
round 
Fig. 6.4.a 
Fig. 6.4.b 
 (a)
 Abbreviations used in the sample name: "c" = centrifuge; "k" = knife coater; "s" and "f" = slow and fast 
solvent evaporation; "conc" = concentrated = concentration of SPEEK in DMAc (0.175 g/mL); "SPEEK-
PEOS.zz,D/M" = zz is PEOS weight percentage, "M" = Methanol = solvent used to dilute PEOS 
 
In the previous paragraph we observed that, against our expectations, in the membranes 
prepared via centrifugal casting (fast evaporation) the silica particles were bigger than in the 
membranes prepared with the knife coater (slow evaporation). The effect of the speed of 
solvent evaporation was further verified using concentrated sulfonated poly(ether ether 
ketone)-polyethoxysiloxane solutions in DMAc, where PEOS was dissolved in MeOH. For 
each solution, two different membranes were prepared via the "slow" and the "fast" knife 
coating method. As an example, the TEM images of samples k,s_conc_SP-PE.50,M and 
k,f_conc_SP-PE.50,M are shown in Figure 6.10.a and Figure 6.10.b (PEOS = 50 wt%). In 
both cases the morphology was characterized by bimodal particles distribution. As previously 
observed, the size of the silica domains was smaller in the case of slow solvent evaporation 
than in the fast, and this was valid for both size ranges (10 nm range not shown): 50-150 nm 
vs. 130-440 nm and 2.5-4 nm vs. 5-15 nm.  
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Differently from what was observed until now for most samples, the silica particles of sample 
k,f_conc_SPEEK-PEOS.50,M in the 100 nm range were perfectly spherical and had smooth 
surface. Moreover, these round particles seemed chained together along the direction of the 
dotted line (drawn in Figure 6.10.b as guideline for the eye). This observation agrees with the 
conclusions reported by Iler3 that a discrete particle prefers to arrange with a pair of 
neighboring particles in a linear rather than in a triangular fashion and that a single particle 
tends to approach a short chain along its longitudinal axis. The arrow in Figure 6.10 points at 
an oval particle that, as might be expected, formed upon fusion of two particles.  
Despite the rather high silica content (32 wt%), the membrane prepared by slow evaporation 
was tough. On the other hand, the bigger silica domain of the fast heated sample made it 
breakable.   
 
 
Figure 6.10 TEM images of hybrid SPEEK-silica membranes prepared with knife coater 
(gap = 350 µm) from concentrated SPEEK-PEOS = 50-50 (wt/wt) solutions in DMAc 
(PEOS dissolved in MeOH), stirred for 120 min at RT and heated slow (left) or fast (right). 
a) k,s_conc_SP-PE.50,M; b) k,f_conc_SP-PE.50,M.  
The images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
a b 
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 Knife and centrifuge: addition of water in solution 
In this paragraph we discuss how the final morphology is influenced by the addition of water 
to the starting solutions. The samples mentioned in this discussion are listed in Table 6.7 
together with their properties (the samples presented for the first time are highlighted). 
Table 6.7  
List of samples discussed through the text "Knife and centrifuge: addition of water in solution" and their 
properties.  
 
Sample name (a) Optical 
appearance 
Mech. 
stability 
Domains size Figure 
number 
k,s_conc_SP- PE.50M_w25% opalescent tough 120-230 nm 
1.8-3 nm 
oval 
round 
Fig.6.11.a 
k,f_conc_SP-PE.50M_w25% opalescent tough 80-160 nm 
10-22 nm 
round 
round 
Fig.6.11.b 
k,s_conc_SP-PE.50,M opalescent tough 50-150 nm 
2.5-4 nm 
oval 
round 
Fig.6.10.a 
k,f_conc_SP-PE.50,M translucent break. 130-440 nm 
5-15 nm 
round 
round 
Fig.6.10.b 
c_dil_SP-PE.35,D_80C-120m_w100% opalescent tough 45-120 nm oval Fig. 6.12 
c_dil_SP-PE.35,D_80C-120m translucent tough 110-320 nm 
8-15 nm 
oval 
round 
Fig.6.1.d 
 (a)
 Abbreviations used in the sample name: "c" = centrifuge; "k" = knife coater; "s" and "f" = slow and fast 
solvent evaporation; "dil" and "conc" = diluted and concentrated = concentration of SPEEK in DMAc 
(0.087 and 0.175 g/mL); "SPEEK-PEOS.zz,D/M" = zz is PEOS weight percentage, "D" and "M" = DMAc 
and Methanol = solvents used to dilute PEOS; "xxC-yym" = xx is stirring temperature in °C – yy is stirring 
time in minutes; "w nr %" = water as percentage to PEOS end-groups (mol %). 
 
A concentrated solution of SPEEK in DMAc was prepared, to which PEOS (50 wt%, 
dissolved in methanol) was added. Since the solution was turbid, it was shortly stirred at 67 
°C. When it became clear, it was cooled to room temperature again and water was added to 
the solution (25 mol%). The amount of water was calculated as percentage to the PEOS end-
groups (mol/mol). The mixture was stirred at RT for 120 minutes. Half of this solution was 
cast with the knife coater following the "slow evaporation" procedure, and the other half 
according to the "fast evaporation" procedure. Both resulting membranes were tough and 
opalescent. The TEM images (see Figure 6.11) revealed that both samples were characterized 
by particles with bimodal size distribution: oval silica particle of 120-230 nm formed together 
with much smaller particles (1.8-3 nm) in the slowly heated sample, while round silica 
particles of 80-160 nm formed in the rapidly heated sample with 10-22 nm 
particles.
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Figure 6.12 TEM image of hybrid SPEEK-silica membrane prepared via centrifugal casting 
from diluted SPEEK-PEOS = 65-35 (wt/wt) solution in DMAc (PEOS dissolved in DMAc) to 
which water was added (100 mol% to PEOS end-groups). The solution was mixed at 80°C for 
120 min (c_dil_SP-PE.35,D_80C-120m_w100%).  
The image was acquired at the Philips CM10 TEM operated at 100 kV. 
 
Figure 6.11 TEM images of hybrid SPEEK-silica membranes prepared with knife coater 
from concentrated SPEEK-PEOS = 50-50 (wt/wt) solutions in DMAc (PEOS dissolved in 
MeOH), to which water was added (25 mol% to PEOS end-groups). 
a) k,s_conc_SP-PE.50,M;_w25%; b) k,f_conc_SP-PE.50,M_w25%.  
The images were acquired at the Zeiss Libra120 TEM operated at 120 kV. 
a b 
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Thus, contrary to what was observed for samples k,s_conc_SP-PE.50,M and k,f_conc_SP-
PE.50,M, after the addition of water into the solution, the silica particles in the 100 nm range 
were smaller in the case of fast than in the slow evaporation. Moreover, when comparing the 
samples prepared with or without water, the addition of water lead to an increase of the 
particles size when the samples were heated slowly. The opposite was true for the samples 
heated rapidly (see Table 6.7 for details). Interestingly, the silica particles in the 10 nm range 
were always smaller after slow solvent evaporation.  
 
Also during centrifugal casting, the addition of water to the SPEEK-PEOS mixtures brought 
to a reduction of the size of the inorganic domains. As an example, we report the TEM image 
of sample c_dil_SP-PE.35,D_80C-120m_w100%, obtained from a SPEEK-PEOS (65-35, 
wt/wt) and water (100 mol%) mixture, that was stirred for 2 h at 80 °C and was cast via 
centrifugation (Figure 6.12). The silica particles were much smaller than in the sample 
c_dil_SP-PE.35,D_80C-120m  prepared without additional water (see Figure 6.1.d).  
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6.3.3 General discussion 
We prepared SPEEK-silica membranes from solutions of sulfonated poly(ether ether ketone) 
and polyethoxysiloxane in DMAc, where PEOS is a hyperbranched liquid polymer that we 
used as precursor for the in situ generation of silica via a "water-free" sol-gel process. The 
aim of our study was the determination of experimental parameters that influence the 
morphology of the hybrid membranes and their contribution to the final morphology. The 
parameters that were systematically varied in this study are summarized in Scheme 6.1. The 
comparison between the effect of these variables was run through the text by means of 
transmission electron microscopy images. In this paragraph we give our interpretation of the 
results that we presented.  
 
Sulfonated poly(ether ether ketone) is a polymer with a hydrophobic aromatic backbone to 
which sulfonic acid groups are attached randomly (within this work 64% of the repeating 
units are substituted with sulfonic acid groups). The presence of this group ascribes to SPEEK 
a hydrophilic character, which increases by increasing the degree of sulfonation, DS. The 
SPEEK chosen or our study was rather hydrophilic and it easily dissolved in DMAc, but it 
was not soluble in water. Polyethoxysiloxane is a liquid hyperbranched polymer, with ethoxy 
end-groups, that confer hydrophobicity to the polymer. Also PEOS dissolves easily in DMAc 
(or methanol). The solutions of the two polymers are miscible in solution. The direct 
introduction of PEOS into the SPEEK solution leads to phase separation already in solution.  
The sulfonic acid groups catalyze the hydrolysis of PEOS end-groups. The affinity between 
PEOS and SPEEK increases when the ethoxy end-groups convert into the more hydrophilic 
hydroxy groups. However, in the presence of hydrolyzed end-groups and favorable 
temperature conditions, the condensation of the end-groups occurs. This translates into further 
increase of the molecular weight of the PEOS (formation of the silica network) and 
subsequently to a growing organic-inorganic phase separation (SPEEK and silica are not 
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inherently miscible). When we cast the solution and we heat our liquid film, the solvent starts 
to evaporate and the system enters in the so called miscibility gap, where the phase separation 
between the two polymers occurs. The separation of the two phases is pushed further by the 
conversion of PEOS into silica, which is promoted by heating. The final morphology will 
depend on the stage at which we are able to stop the phase separation. For this reason, with 
the aim of keeping the phase separation as small as possible, we believe that we should 
evaporate the solvent rather quickly, when the condensation is in its early stages and when 
SPEEK and PEOS are still physically close to each other. Once the system is vitrified at the 
coating temperature and a particular morphology is obtained, the eventually unreacted silica 
precursor can further react without altering the morphology significantly. Although it might 
be a trivial remark, the reader should keep in mind that in this study we discuss the sol-gel 
process of an already polymerized silica precursor, the PEOS. This approach differs from the 
common sol-gel process where the tetraethoxysilane (TEOS) monomer is in situ converted 
into silica. With its compact, three-dimensional aspect, a molecule of PEOS is already a 
"subcolloidal" particle. The size of this particle depends on the amount of silicon atoms that it 
contains. The PEOS synthesized as described in the experimental part, has the following the 
brutto formula: [SiO1.1(OEt)1.7]x and a molecular weight nM = 1740 g/mol, i.e. ca 14 silicon 
atoms. Thus, according to Ref. 3, we know that such molecules should originate ultrasmall 
silica particles having a diameter of approximately 0.9-1.5 nm (on anhydrous basis). These 
three-dimensional polymer particles can function as nuclei for further particle growth. 
Additional crosslinking of the PEOS molecules should be limited in order to prevent 
aggregation-agglomeration of particles and an excessive organic-inorganic separation.   
 
Our first attempts to prepare hybrid SPEEK-silica membranes upon fast solvent evaporation 
have been presented in Chapter 3 and in Ref. 33. As already reminded in the introduction of 
this Chapter, the size and the size distribution of the silica domains obtained in the 
176 
preliminary studies were rather big (0.2–3 µm), suggesting that the phase separation process 
was not very well controlled.  
The first striking result of the present study is that the size of the silica particles and their size 
distribution within the matrix were drastically improved when we used SPEEK prepared from 
concentrated sulfuric acid and PEOS treated with the thin film evaporator instead of SPEEK 
sulfonated in the presence of oleum and PEOS used as prepared. This result was independent 
from the casting method adopted. The choice of starting materials has impact on the 
morphology of the hybrid membranes. We postulate that in the SPEEK used for this study, 
the extent of intramolecular crosslinking of the polymeric chains was reduced compared to 
polymer sulfonated in the presence of oleum. Therefore more sulfonic acid groups were 
available to catalyze the conversion of PEOS into silica. However, it was not the aim this 
study to control the amount of intramolecular crosslinking between the SPEEK chains.  
As regards the PEOS, we believe that the use of the inorganic precursor polymer with a 
narrower molecular weight distribution, translated into a narrower particles size distribution, 
since the organic-inorganic phase separation, the nucleation, and growth of particles occurred 
in a more uniform fashion.  
Another interesting observation regards the shape of the silica particles. In the present study 
we mostly observed elongated or oval particles (especially in the 100 nm-range), 
independently from the casting method used. Thus, the elongation of the particles is not only 
due to the centrifugal casting, as hypothesized in our previous study32,33.  
In the "traditional" sol-gel process, where silica particles are formed from TEOS in absence of 
an organic polymer following, for example, the Stöber process36, the particles are perfectly 
round. The formation of elongated silica particles in aqueous medium is seldom observed. For 
example, Ogino and Kurunoma37 studied the particle growth of an acidic sol stabilized by 
                                                 
36
 W. Stöber, A. Fink and E. Bohn; Controlled growth of monodispersed silica spheres in the micron size range, 
J. Colloid Interface Sci., 1968, 26, 62. 
37
 K. Ogino and I. Kuronuma; Particle growth in silica dispersion, J. Colloid Interface Sci., 1976, 56, 629. 
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aqueous ammonia and aged at 80 °C. Only at the beginning of the aging process (after 1 h), 
they observed discrete spindle-shaped silica particles. However, spherical and compact silica 
particles with a diameter of 2-3 µm formed upon further aging and addition of a diluted 
sodium silicate solution and small amount of the stabilized sol. An important conclusion of 
their study was that the heating temperature had a remarkable effect on the particles growth in 
silica dispersions37. 
A plausible explanation for the formation of oval particles is that they generate from the 
fusion of two spherical particles (a clear example of this event is pointed out in Figure 6.10.b 
for sample k,f_conc_SP-PE.50,M). However, it seems that in most cases the fused particles 
do not tend towards the equilibrium condition, i.e. a bigger spherical particle. Interestingly, in 
the preliminary results reported in Refs. 32 and 33 (see Figure 3.2 in Chapter 3 of this thesis), 
the silica domains were roundish. In that case, low molecular weigh fractions of PEOS 
(monomer and oligomers) were still present. We can imagine that from these barely 
crosslinked molecules, many ultrasmall silica round particles formed and stabilized into fewer 
larger spherical particles at decreased surface energy (Ostwald ripening). Moreover, 
monomers and oligomers can deposit on the larger particles, thus increasing their size. 
However, these low molecular weight fractions were removed in the PEOS used for this 
study. 
On the other hand, disc shaped particles have been frequently observed, for example, in 
organic-inorganic hybrid materials obtained by in situ polymerization of tetraethoxysilane in 
poly(methyl methacrylate) (PMMA) using hydrochloric acid as catalyst7,8. From the 
observation of TEM images of PMMA-silica samples microtomed perpendicular (cross 
section through the thickness) and parallel to the film coating direction, Landry and 
coworkers speculated7 that the disc shaped SiO2-rich domains that lie parallel to the coating 
surface may result from the collapse, during shrinking of the film in the thickness direction, of 
spheres. This observation is consistent with our results. Moreover Landry7 et al. concluded 
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that the "well established mechanisms for hydrolysis and condensation of silicon alkoxides in 
different pH regimes seem to hold when the reactions are done in the presence of an organic 
polymer". We have no reasons to hypothesize a different behavior of our SPEEK-PEOS 
system.  
 
In our study, we assume that, depending on the reaction conditions, the hydrolysis and the 
condensation of the ethoxy end-groups start already when PEOS is introduced in the SPEEK 
solutions. The sulfonic acid groups act as catalyst for these processes. A longer permanence 
time in solution, besides improving the miscibility of SPEEK and PEOS, is expected to 
enhance the hydrolysis of end-groups, especially for the more diluted solutions (more solvent 
= relatively higher water content) and for the solutions where water is added. For aqueous 
solutions of silicic acid it is known that, under acidic conditions, hydrolysis is rapid and 
condensation is the rate determining step, while the opposite is true for base-catalyzed 
reactions. The same trend was observed in the presence of organic polymers7. The hydrolysis 
of PEOS end-groups makes them more compatible with the hydrophilic part of the SPEEK 
chains, thus reducing the phase separation. We can imagine that in our system the 
condensation reaction is not readily promoted at room temperature. However, condensation 
can be favored when the solutions are mixed at higher temperatures (80 °C in our 
investigations) and when the films are heated during membrane formation. Therefore, 
assuming full hydrolysis of the PEOS end-groups, longer mixing time at room temperature 
followed by quick solvent evaporation should lead to limited organic-inorganic phase 
separation (smaller silica domains). On the contrary, during slow evaporation of the solvent at 
moderate temperatures (50 °C in our experiments), the system is in the liquid state for longer 
time and the condensation of the hydrolyzed end-groups is promoted. The longer the system 
stays in the mobile state, the higher is the chance that the particles aggregate, diminishing in 
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number while increasing in size. This is especially true for concentrated solutions, where the 
rate of aggregation is higher than in more diluted mixtures. 
A different scenario arises when the end-groups of PEOS are only partially hydrolyzed, i.e. 
when they still have the hydrophobic character that segregates them from the sulfonic acid 
groups. Here, the rapid evaporation of the solvent will freeze the system at extended phase 
separation (bigger silica domains), while the slow evaporation at moderate temperatures will 
give time to the unconverted PEOS to hydrolyze further in the liquid film, thus reducing the 
SPEEK-PEOS phase separation.  
All these hypothesis were confirmed by the experimental results. As a reminder, Table 6.8 
lists the properties of all the samples and corresponding TEM image, while Scheme 6.2 
summarizes the most relevant observations, indicating, qualitatively, the experimental 
conditions that caused a reduction or an increase of particles size, or that did not alter 
noticeably the morphology.  
The comparison of sample c_dil_SP-PE.35,D_25C-5m with c_dil_SP-PE.35,D (Figure 6.1.a 
vs. Figure 6.1.b), shows that, when stirring the diluted solutions at room temperature and 
casting them via centrifugation, a short mixing time (5 min) is not sufficient to homogenize 
the solution and fully hydrolyze the PEOS end-groups. The silica particles are bigger and with 
broader size distribution than in the sample stirred for 2 h. This is also evident in the 
comparison of the sample prepared with higher PEOS amount (65 wt%): in sample c_dil_SP-
PE.65,D_25C-5m, the organic-inorganic phase separation not only was substantial but also 
occurred up to different extents along the thickness of the sample (see Figure 6.2.a and Figure 
6.2.1).  
Mixing the diluted solutions at higher temperature (80 °C) and shorter times (5 min) had 
similar effect on the morphology as mixing them at room temperature for 2 h.  
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Table 6.8 
List of samples discussed in this study and their properties. 
 
Sample name (a) Optical 
appearance 
Mechanic 
stability 
Domains size Figure 
number 
c_dil_SP-PE.35,D_25C-5m  opalescent tough 40-135 nm round Fig. 6.1.a 
c_dil_SP-PE.35,D transparent tough 30-40 nm round Fig. 6.1.b 
c_dil_SP-PE.35,D_80C-5m slight opalesc. tough 20-80 nm oval Fig. 6.1.c 
c_dil_SP-PE.35,D_80C-120m translucent tough 110-320 nm 
 8-15 nm 
oval 
round 
Fig. 6.1.d 
 
c_dil_SP-PE.65,D_25C-5m opaque brittle 0.8-5.3µm 
0.2-1.4 µm 
35-160 nm 
irregular 
oval 
round 
Fig. 6.2.1 
Fig. 6.2.a 
c_dil_SP-PE.65,D opaque brittle 1.4 x 0.8 µm 
15-170 
oval-connected 
round 
Fig. 6.2.b 
c_dil_SP-PE.65,D_80C-5m opaque brittle 1.4-0.56 µm 
15-170 
oval-connected 
round 
Fig. 6.2.c 
c_dil_SP-PE.65,D_80C-120m opaque brittle 1 µm  
35 
oval  
round 
Fig. 6.2.d 
 
k,s_conc_SP-PE.35,D_thick opalescent tough 50-170 nm 
8-15 nm 
2-5 nm 
oval 
diffuse 
round 
Fig.6.3.a 
Fig.6.3.b 
k,s_conc_SP-PE.35,D_25C-15m_thick opalescent tough 50-170 nm 
8-15 nm 
2-5 nm 
oval 
diffuse 
round 
Fig.6.4.a 
k,s_conc_SP-PE.35,D_ 
_25C-840m_thick 
opalescent tough 50-170 nm 
8-15 nm 
2-5 nm 
oval 
diffuse 
round 
Fig.6.4.b 
Fig.6.5.a 
Fig.6.5.b 
 
 k,s_conc_SP-PE.35,D transparent tough 35-80 nm 
4-13 nm 
oval 
round 
Fig. 6.6.a 
Fig. 6.6.b 
k,s_conc_SP-PE.35,M transparent tough 35-80 nm 
4-13 nm 
oval 
round 
Fig. 6.7.a 
Fig. 6.7.b 
 
c_conc_SP-PE.35,M opalescent tough 50-135 nm 
3-13 nm 
oval 
round 
Fig. 6.8.a 
Fig. 6.8.b 
c_conc_SP-PE.65,M opaque brittle 150-700 nm 
8-15 nm 
oval 
irregular 
Fig. 6.9.a 
Fig. 6.9.b 
 
k,s_conc_SP-PE.50,M opalescent tough 50-150 nm 
2.5-4 nm 
oval 
round 
Fig.6.10.a 
k,f_conc_SP-PE.50,M translucent breakable 130-440 nm 
5-15 nm 
round 
round 
Fig.6.10.b 
 
k,s_conc_SP PE.50M_w25% opalescent tough 120-230 nm 
1.8-3 nm 
oval 
round 
Fig.6.11.a 
k,f_conc_SP-PE.50M_w25% opalescent tough 80-160 nm 
10-22 nm 
round 
round 
Fig.6.11.b 
c_dil_SP-PE.35,D_80C-120m_w100% opalescent tough 45-120 nm oval Fig.6.12 
 
(a) Abbreviations used in the sample name: "c" = centrifuge, "k" = knife coater; "s" and "f" = slow and fast solvent 
evaporation for knife coating; "dil" and "conc" = diluted and concentrated = concentration of SPEEK in DMAc 
(0.087 and 0.175 g/mL, respectively);  “SP-PE.zz,D/M” = zz is PEOS weight percentage, "D" = DMAc and "M" = 
MeOH, solvents used to dilute PEOS; "xxC-yym" = xx is stirring temperature in °C – yy is stirring time in minutes; 
"thick" = for knife coating, when the knife gap was set at 700 µm instead of the standard 350 µm; "wnr%" = water, 
"w", to PEOS end groups (mol%). 
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Scheme 6.2 Summary of the experimental observations (particle size, qualitative) as a 
function of the preparation method. (a) "dil." and "conc." = diluted and concentrated = refer to 
the concentration of SPEEK in DMAc (0.087 and 0.175 g/mL, respectively); (b) "thick" = 90 
µm (all other experiments refer to membranes of thickness = 30-45 µm). 
GENERAL OBSERVATIONS 
 Reduced particles size when SPEEK prepared without oleum and PEOS treated with thin 
film 
      evaporator. 
 Particles distributed uniformly all over the sample, no agglomeration. 
 Particles in the 100 nm-range are, in most cases, elongated/oval with irregular surface 
rather 
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182 
However, prolonged times at 80 °C favored the condensation of PEOS already in solution, 
leading to the formation of bigger silica agglomerates (compare, for example, sample 
c_dil_SP-PE.35,D with c_dil_SP-PE.35,D_80C-120m in Figure 6.1.b and Figure 6.1.d). 
In this study, samples c_dil_SP-PE.65,D and c_dil_SP-PE.65,D_80C-5m are the only 
examples of the formation of a co-continuous structure. Their TEM images (Figure 6.2.b and 
Figure 6.2.c) remind of the spinodal decomposition that occurs during the preparation of 
binary mixtures of organic polymers that exhibit lower critical solution temperature (LCST) 
or upper critical solution temperature (UCST) behavior38,39. The phase connectivity was 
interrupted by the increase of interfacial tension in the preparation of sample c_dil_SP-
PE.65,D_80C-120m, resulting in a dispersed droplet-type morphology (Figure 6.2.d). 
 
The effect of the stirring time on the final morphology was not observed in the thick samples 
prepared from concentrated SPEEK-PEOS (65-35, wt/wt) solutions stirred at 15, 120 and 840 
minutes and cast with the knife coater at slow solvent evaporation. As anticipated above, it 
seems that at RT the hydrolysis and condensation of PEOS within these concentrated 
solutions was partial, otherwise we should expect larger agglomerate in the sample stirred for 
16 h. We assume that the major contribution to the conversion of PEOS into silica within 
these samples came from heating the liquid thick films at 50 °C during slow evaporation, 
which nullified the effect of the stirring time. It is interesting to note that, despite the 
relatively higher thickness of these films (final thickness = 90 µm vs. standard 30-45 µm), the 
phase segregation occurred uniformly in the direction perpendicular to the film coating. 
However, besides sample c_dil_SP-PE.65,D_25-5m, all samples did not show substantial 
differences in the morphology going from the side in contact with the coating substrate to the 
side in contact with the air.  
                                                 
38
 K. Yamanaka and T. Inoue; Structure development in epoxy resin modified with poly(ether sulphone), 
Polymer, 1989, 30, 662. 
39
 L. de Graff; Morphology control in semi-interpenetrating polymer networks-two approaches, Ph.D. Thesis, 
University of Twente, 1994. 
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When the thickness of the liquid film on glass plate was reduced and the sample was heated 
slowly, the size of the silica domains in the 100 nm range reduced compared to the thicker 
sample. Indeed in the thicker samples, the films are for longer time in the liquid state, i.e. the 
inorganic domains have more chance to migrate toward each other and coalesce into fewer 
but bigger domains than in the thinner sample. Moreover, we also assumed that, especially 
during heating, the conversion of PEOS into silica is favored by simple contact with the water 
present in the surroundings. Obviously such contact becomes optimal by decreasing the 
thickness of the samples.  
Despite the particles in sample k,s_conc_SP-PE.35,D are in a similar size range of c_dil_SP-
PE.35,D (Figure 6.6 vs. Figure 6.1.b), the amount of the latter appears higher. However, in the 
cast knife sample also innumerable smaller particles (4-13 nm) formed, that were not 
observed in the diluted sample. If, as already proposed, the hydrolysis of PEOS is not 
complete in the more concentrated solutions, as soon as the heating starts, we could have the 
following scenario: the already hydrolyzed end-groups start to condense and form particles 
that eventually aggregate and form bigger silica domains, while the non hydrolyzed end-
groups are hydrolyzed and condensed in another moment, thus leading to a bimodal particle 
size distribution. Another plausible scenario follows: the hydrolyzed PEOS molecules that 
have more affinity for the SPEEK chains are not strongly phase separated from the organic 
polymer and they lead to the formation of finely dispersed ultrasmall silica particles. On the 
other hand, the unconverted hydrophobic PEOS separates more strongly from the SPEEK, 
resulting into bigger inorganic domains. Once the solvent is removed, the conversion into 
silica can be completed during annealing, but the domains are frozen in their position and 
cannot agglomerate further. Moreover, since so far we did not perform investigations on the 
degree of conversion of PEOS within the membranes, we cannot exclude that these inorganic 
domains are made by unconverted PEOS wrapped within the organic film.  
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The second scenario could explain why the silica particles obtained from concentrated 
solutions are smaller in the samples obtained via slow evaporation than in the fast (confront, 
for example, k,s_conc_SP-PE.35,D in Figure 6.6 with c_conc_SP-PE.35,M in Figure 6.8 (35 
wt% PEOS) or k,s_conc_SP-PE.50,M in Figure 6.10.a and k,f_conc_SP-PE.50,M in Figure 
6.10.b (50 wt% PEOS)). We assumed that during the slow evaporation, when the film is still 
in the liquid state, the PEOS gets further hydrolyzed and therefore its affinity for the SPEEK 
grows, reducing the organic-inorganic phase separation. For this type of solutions, the fast 
evaporation can freeze the system in the stage when this separation is still substantial, thus 
leading to larger inorganic domains. However, the addition of water into solution brings the 
hydrolysis of the PEOS end-groups toward completion already in solution, thus increasing the 
SPEEK-PEOS affinity. In this case, when the condensation is promoted upon heating the 
liquid film, the longer the sample stays in the liquid state (slow evaporation, see Figure 
6.11.a), the bigger is the chance that the formed particles aggregate into larger ones, becoming 
even bigger than in the sample prepared without additional water. On the other hand, reducing 
the mobility of the system in the early stages of its condensation prevents particles 
aggregation, i.e. smaller particles form than in the slowly heated sample (see Figure 6.11.b). 
Moreover, in the fast evaporated sample where water was added, the reduced organic-
inorganic separation favors the formation of smaller particles than in the sample prepared 
without water.  
 
Another consideration regards the solvent that we used in the preparation of SPEEK-PEOS 
solutions, dimethylacetamide (DMAc). It was reported8 that, during the formation of hybrid 
PMMA-silica materials, where silica was formed from tetraethoxysilane (TEOS) via the sol-
gel process, the use of dimethylformamide (DMF) helped suppressing particle aggregation, 
due  to the formation of hydrogen bonds between the hydroxyl moiety of the silanol end-
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groups and the amide groups of DMF. In the research work of another group40, it was stated 
that DMF and DMAc act as compatibilizers in the formation of organic-inorganic polymer 
hybrids via the sol-gel process. Indeed, thanks to their amphiphilic character, these solvents 
show high compatibility with the organic polymer (polystyrene, poly(methyl methacrilate), 
poly(vinyl chloride) and poly(acrylic acid)) while forming strong hydrogen bonds with the 
silanol moieties of the hydrolyzed tetramethoxysilane (TMOS), thus reducing the organic-
inorganic phase separation. The use of solvents like toluene or tetrahydrofuran (THF) brought 
to stronger phase separation.  
For the same reasons, we believe that the DMAc used in our study helped to limit the extent 
of phase segregation. In some solutions we introduced methanol in order to reduce the amount 
of high boiling solvent and favor faster solvent evaporation. However, the amount of MeOH 
that we used did not interfere with the compatibilizing action of the DMAc, as demonstrated 
by the comparison of TEM images of sample k,s_conc_SP-PE.35,D and k,s_conc_SP-
PE.35,M in Figure 6.6 and Figure 6.7, respectively. 
 
 
 
6.4 Conclusions  
Hybrid organic-inorganic nanocomposites membranes with no designed connectivity between 
the organic (SPEEK) and the inorganic (silica) phases were successfully prepared from 
solutions of SPEEK and polyethoxysiloxane in DMAc. The solutions were cast via 
centrifugal casting and via knife coating. The influence of preparation variables on the 
morphology of these materials was investigated via transmission electron microscopy. The 
following conclusions can be drawn from the observation of TEM images: 
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 T. Ogoshi and Y. Chujo; Synthesis of organic-inorganic polymer hybrids utilizing amphiphilic solvent as 
compatibilizer, Bull. Chem. Soc. Jpn., 2003, 76, 1865. 
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 The choice of starting materials has impact on the morphology of the hybrid 
membranes. The size of the silica particles and their size distribution within the matrix were 
drastically improved when we used SPEEK prepared from concentrated sulfuric acid and 
PEOS treated with the thin film evaporator instead of SPEEK sulfonated in the presence of 
oleum and PEOS used as prepared. This result was independent from the casting method 
adopted.  
 For the preparation of thinner samples (30-40 µm), the stirring time and temperature 
of the starting solutions influence the final morphology. In particular longer stirring times at 
milder temperatures should be preferred for the formation of smaller silica particles. 
However, the morphology of thicker samples (90 µm) seems independent from the stirring 
conditions. 
 The silica particles are smaller in the thinner sample than in the thicker. 
 When 35 wt% of PEOS is used for sample preparation via knife coating, silica 
particles form with multiple size distribution. In general three size ranges can be identified: 
50-170 nm, elongated/oval particles; 8-15 nm, round particles; 2-5 nm, round, sharp particles. 
Interestingly, the presence of low molecular weight silicon alkoxide species favors the 
formation of more spherical particles. 
 For more concentrated solutions, slow solvent evaporation leads to smaller particles 
than the fast evaporation. The opposite is true for more diluted solutions. 
 When water is added to the solution, the solvent should be evaporated faster. 
 Addition of little amounts of MeOH instead of DMAc does not influence the 
morphology.  
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Chapter 7 
Influence of the silica content in SPEEK-silica 
membranes prepared from the sol-gel process of 
polyethoxysiloxane: morphology and proton mobility  
 
 
7.1 Introduction 
Poly(arylene ether ketone)s are high performance polymers characterized by excellent 
thermal, mechanical and chemical stability, that are widely used in industrial applications 
ranging from microelectronics to aerospace1,2. These polymers are insoluble in most organic 
solvents. However, if their backbone is chemically modified as, for example, by ionic groups, 
their solubility is enhanced. The improved processability combined with the properties typical 
of these poly(arylene ether ketone)s, broadens even further their fields of application. For 
example, the functionalization of poly(ether ether ketone) (PEEK) by the substitution with 
sulfonic acid groups (sulfonation3,4) paved the way for its use in advanced functional polymer 
membranes5. Thanks to the hydrophilic character conferred by the sulfonic acid groups, 
sulfonated PEEK (SPEEK) has been used in blends with polysulfone to improve the anti-
fouling properties of ultrafiltration/nanofiltration membranes6. Another potential field of 
                                                 
1
 D. P. Jones, D. C. Leach and D. R. Moore; Mechanical properties of poly(ether-ether-ketone) for engineering 
applications, Polymer, 1985, 26, 1385. 
2
 X. Yue, H. Zhang, W. Chen, Y. Wang, S. Zhang, G. Wang and Z. Jiang; Crosslinkable fully aromatic poly(aryl 
ether ketone)s bearing macrocycle of aryl ether ketone, Polymer, 2007, 48, 4715. 
3
 X. Jin, M. T. Bishop, T. S. Ellis and F. E. Karasz; A sulphonated poly(aryl ether ketone), British Polymer 
Journal, 1985, 170, 4. 
4
 M. T. Bishop, F. E. Karasz, P. S. Russo and K. H. Langley; Solubility and properties of a poly(aryl ether 
ketone) in strong acids, Macromolecules, 1985, 18, 86. 
5
 M. Ulbricht; Advanced functional polymer membranes, Polymer, 2006, 47, 2217. 
6
 W. R. Bowen, T. A. Doneva and H. B. Yin; Polysulfone -- sulfonated poly(ether ether) ketone blend 
membranes: systematic synthesis and characterisation, J. Membr. Sci., 2001, 181, 253. 
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application where SPEEK received booming consideration in the past decade is that of solid 
electrolyte fuel cells7,8,9,10,11. These devices12, in which energy is generated from an 
electrochemical reaction between a fuel (hydrogen or aqueous solutions of methanol) and an 
oxidant (oxygen/air), are based on a proton conductive polymeric membrane. The membrane 
has manifold functions, i.e. it separates the electrodes, it avoids the contact between the 
reactants, it transports the protons from one electrode to the other, and it acts as electronic 
insulator.  
The combination of the oxidation-, hydrolysis-, and hydrothermal-stability of the PEEK 
backbone with the presence of a protogenic source (the sulfonic acid groups) makes SPEEK a 
suitable candidate for the fuel cell application. In addition, the lower production costs of 
SPEEK compared to the materials which are actually used in fuel cells, the perfluoro sulfonic 
acid-based polymers such as Nafion, represent another attractive reason for considering the 
use of this sulfonated poly(arylene ether ketone) in this field. In particular, some research 
studies put in evidence that sulfonated poly(arylene ether ketone)s-based membranes could be 
an interesting alternative to the commercial perfluorinated membranes in the so called direct 
methanol fuel cells13,14,15,16,17 (DMFC), for which methanol is used as fuel. This is due to the 
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membranes for polymer electrolytes fuel cell (PEFC) applications, J. Power Sources, 2004, 127, 135. 
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 L. Li, J. Zhang and Y. Wang; Sulfonated poly(ether ether ketone) membranes for direct methanol fuel cells, J. 
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different microstructure of the two polymeric systems, as concluded in the work of Kreuer18. 
In both the aromatic-based and the perfluorinated-based systems, phase separation occurs 
between the hydrophobic backbone and the hydrophilic domains created from the aggregation 
of the sulfonic acid groups. However, this phase separation is less pronounced in the 
sulfonated polyetherketone based materials due to the minor hydrophobicity and the higher 
stiffness (lower flexibility) of the polymeric backbone and to the lower acidity of the 
functional groups. Compared to Nafion, the microstructure of the polyaromatic-based 
materials in the hydrated state can be described by narrower, less separated, highly branched 
and less interconnected hydrophilic channels running through hydrophobic domains18. As a 
consequence of this structure, the water electro-osmotic drag and the methanol permeability 
are lower than in Nafion, thus the efficiency of the fuel cells is enhanced. On the other hand, 
the proton transport through the membrane is reduced and it shows a stronger dependence on 
the hydration level of the membrane. It can be deduced that altering the microstructure of the 
membranes can influence their performance. A way of tailoring the properties of the 
sulfonated organic polymers is, for example, by the addition of inorganic fillers as discussed, 
among others19,20,21,22, in a recent review of Alberti and Casciola23.  
Silica particles are a typical example of inorganic fillers that according to their size, shape, 
distribution, amount, and orientation within nano- or micro-composite membranes, can meet 
various technological requirements for solid electrolyte fuel cells, such as enhanced proton 
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 L. Jörissen, V. Gogel, J. Kerres and J. Garche; New membranes for direct methanol fuel cells, J. Power 
Sources, 2002, 105, 267. 
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 K. D. Kreuer; On the development of proton conducting polymer membranes for hydrogen and methanol fuel 
cells, J. Membr. Sci., 2001, 185, 29. 
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membranes fuel cells, Solid State Ionics, 2003, 162-163, 261. 
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Solid State Ionics, 2001, 145, 3. 
21
 W. G. Grot and G. Rajendran; Membranes containing inorganic fillers and membrane and electrode 
assemblies and electrochemical cells employing same, US Patent US5919583, 1999. 
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conductivity, reduced methanol permeability and improved mechanical stability24,25,26. Indeed, 
not only the silica particles have on their surface numerous hydrophilic –SiOH groups that 
may enhance the water retention and therefore the proton transport at higher temperature27, 
but these particles can also hinder the passage of methanol molecules through the membrane, 
thus reducing the methanol permeability28. Moreover, when the silica particles are generated 
in situ concomitantly to membrane formation, the hydrophilic-hydrophobic phase separation 
that characterizes the pure ionomeric membranes is likely to be changed23, thus offering new 
path for the transport of protons.  
The in situ precipitation of silica particles within a polymeric matrix is generally achieved via 
the sol-gel process29 of tetraethoxysilane (TEOS, Si(OEt)4), i.e. via the hydrolysis and 
polymerization of the monomeric alkoxysilane into a silica network. The sol-gel process of an 
organometallic precursor within a polymeric organic matrix is a procedure that met success in 
the preparation of nanocomposite organic-inorganic materials for various applications30, being 
membranes for fuel cells one of them31. 
In this study we present a new approach32 in preparing nanocomposite SPEEK-silica 
membranes via the sol-gel technology. Indeed, instead of generating the silica from the 
monomeric and more volatile TEOS, we used an already polymerized liquid pre-polymer, the 
hyperbranched polyethoxysiloxane (PEOS) synthesized in our laboratories via the one-pot 
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reaction of TEOS with acetic anhydride33,34. The use of this polymer offers not only the 
advantages connected to the in situ generation of an inorganic filler within a polymeric matrix 
(intimate combination of organic and inorganic phase, suppression of the agglomeration of the 
inorganic domains), but also the possibility, via the easy modification of its ethoxy end-
groups, to introduce functional groups that may stay anchored to the silica network without 
being flushed away during fuel cell operation. Moreover, due to its higher thermal stability33 
compared to TEOS, PEOS can be processed via the sol-gel route also in polymer melts35. This 
opens new prospective for the preparation of hybrid membranes in a more environmentally 
friendly way. 
To the best of our knowledge, the formation of films from SPEEK-PEOS solutions has not 
been previously reported by other research groups. The detailed description of the parameters 
that influence the final morphology of such membranes has been reported elsewhere36.  
In the present study we investigated the morphology and the proton mobility of the hybrid 
membranes as a function of the silica content. The morphology is described by means of 
transmission electron microscopy images (TEM), while the proton transport properties are 
measured by impedance spectroscopy and by self-diffusion of water molecules using proton 
solid state nuclear magnetic resonance (1H SS-NMR). 
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7.2 Experimental section 
7.2.1 Materials 
Polyetheretherketone (PEEK) Victrex 450 PF powder form (particle size less than 100 µm) 
was kindly provided by Victrex. PEEK was dried in vacuum at 60 °C over P2O5 overnight 
before use. Sulfuric acid 95-97 wt% (pro analysis), tetraethoxysilane (TEOS, for synthesis), 
acetic anhydride (for synthesis), tetraethyltitanate (purum, Fluka), dimethylacetamide 
(DMAc, for synthesis) were used as received. All reagents were purchased from Merck, if not 
otherwise specified.  
7.2.2 Polymers synthesis 
Poly(ether ether ketone) was sulfonated up to 64 % degree of sulfonation using concentrated 
sulfuric acid (95-97 %) as described in "Procedure 2" given in Chapter 2. PEEK (15 g) was 
dissolved in H2SO4 (300 mL) at room temperature (RT). The dissolution took ca 1 h. The 
temperature was then increased up to 50 °C. The reaction was stopped after 5 ½ hours by 
precipitating the solution in an ice-water bath. Subsequently the precipitate was repeatedly 
washed in demineralized water and then dried. 
Polyethoxysiloxane (PEOS) was prepared from an equimolar reaction of TEOS and acetic 
anhydride in the presence of tetraethyltitanate used as catalyst (0.3 mol %), as described in 
Chapter 2 and in Ref. 34. The low volatile fraction developed during synthesis of PEOS were 
removed with a thin film evaporator, and only the high molecular weigh fraction was used for 
membrane preparation ( nM = 1740 g/mol; SiO2 content = 48 wt %). 
7.2.3 Membrane preparation 
The membranes were prepared from SPEEK-PEOS solutions via knife coating. A typical 
example of the preparation is reported. 
SPEEK (0.35 g, 1.03 mmol; DS = 64 %) was dissolved at room temperature (RT) in DMAc (2 
mL). PEOS (0.15 g, 1.2 mmol; 30 wt% of the total weight of the two polymers) was dissolved 
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in methanol (0.5 mL). The two solutions were mixed with a magnetic stirrer at RT for 120 
minutes. The final solution was uniformly spread on a glass plate (3 mm thick, carefully 
cleaned with acetone) with a knife-coater (wet thickness = 350 µm) and transferred in an oven 
without controlled air circulation at 50 °C for 5 h and then in a second oven with air 
circulation at 120 °C for 16 h.  
The described sample was named SP-PE.30, where SP = SPEEK, PE = PEOS, and the 
number "30" stands for the weight percentage of PEOS to the total weight of the two 
polymers. This study was based on the working hypothesis that PEOS fully converts into 
silica during membrane formation upon heating, thanks to the water present in the air and in 
the solvent, and to the catalytic action of the sulfonic acid groups of SPEEK. Thus, knowing 
that the SiO2 content in the PEOS synthesized as described is 48 wt%37, the chosen amount of 
the silica precursor should result in approximately 17 wt% of silica within the final 
membrane, calculated as: (grams of PEOS × 0.48)/[(grams of SPEEK) + (grams of PEOS × 
0.48)], i.e. (0.15 × 0.48)/[0.35 + (0.15 x 0.48)].  
While the amount of SPEEK was always kept constant during the preparation of the 
membranes, the amount of PEOS was varied from 10 to 70 wt%, in 10 wt% steps. For 
commodity reasons, it was decided to name the formed membranes by highlighting the 
percentage of PEOS that was effectively used for their preparation rather than the expected 
final amount of silica. Samples SP-PE.60 and SP-PE.70 were prepared by pre-dissolving 
PEOS in 1.5 mL of DMAc instead of 0.5 mL of methanol.  
In case the SPEEK-PEOS solutions were turbid, they were heated in water bath at 67 °C until 
they became clear. The membranes formed according to the given working instructions were 
approximately 35 µm thick. The detailed description of all the samples is given in Table 7.1. 
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7.2.4 Morphology 
The morphology of the membranes was investigated by transmission electron microscopy 
(TEM). For TEM analysis, the samples were immersed in a liquid epoxy resin (SPURR-kit, 
soft formulation, Sigma-Aldrich) and then hardened at 50 °C for 48 h. The embedded samples 
were microtomed at room temperature using a Reichert Ultracut microtome equipped with a 
diamond knife. The ultra thin sections (50-100 nm) were collected on plain copper grids (400 
mesh). Although the grids were not coated with a carbon-sputtered film, the thin sections 
were stable under the electron beam. Moreover, the features with dimension less than 10 nm 
could be unambiguously interpreted as silicon-containing domains without being mistaken for 
particles derived from the carbon sputtering. The Zeiss Libra120 TEM operated at 120 kV 
was used to examine the sections. The contrast between the silicon-containing phase and the 
polymer was sufficient for imaging, and no staining was required. The bright areas that were 
observed in some TEM images were interpreted as empty spaces, derived from the 
displacement of the silica particles from their position during microtoming.  
Table 7.1   
List of hybrid SPEEK-silica membranes described in this Chapter and their 
preparation. 
Sample name 
(a)
 
PEOS(b) PEOS diluent(c) Expected silica 
content (wt%)(d) g  wt% mL  type 
SP-PE.10 0.04  10 0.5  MeOH 5.4 
SP-PE.20 0.09  20 0.5  MeOH 11.4 
SP-PE.30 0.15  30 0.5  MeOH 17.1 
SP-PE.40 0.23  40 0.5  MeOH 24.7 
SP-PE.50 0.35  50 0.5  MeOH 33.3 
SP-PE.60 0.525  60 1.5  DMAc 42.6 
SP-PE.70 0.82  70 1.5 DMAc 54 
(a)
 The numbers refer to weight percentage of PEOS. (b) Amount of PEOS: given as 
grams and as percentage of PEOS to the total weight of the two polymers. (c) 
Solvent used to dissolve PEOS: amount (mL) and type. (d) The expected silica 
content is calculated assuming full conversion of PEOS into silica. Knowing the 
SiO2 content in the PEOS synthesized for this study (48%), the theoretical weight 
percentage of silica in the final membrane is calculated as: 
(grams of PEOS x 0.48)/[(grams of SPEEK) + (grams of PEOS x 0.48)]. 
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7.2.5 Proton dynamics 
The bulk proton conductivity of the membranes was measured by electrochemical 
impedance spectroscopy (EIS) over a frequency range of 100 mHz - 5 MHz and at 
amplitude of 20 mV, using the Electrochemical Workstation IM6 (Zahner-Elektrik GmbH & 
Co. KG, Germany) connected to the Membrane Conductivity and Single Cell Test System 
BT-552 (BekkTech, USA). The measurement cell used in this system is based on the four-
electrode geometry (inner electrodes = platinum wire; outer electrodes = platinum gauze), that 
allows to separate membrane-electrode contact phenomena from the material properties. The 
measurements were performed under a gas flow of 500 standard cubic centimeters per minute 
(SCCM) and pressure of 230 kPa, at increasing temperature (from 40 to 120 °C), while 
keeping constant (90 %) the relative humidity (RH). For each temperature step, the system 
was equilibrated for a period of two hours at the end of which five spectra were acquired. The 
Thales 3.16 software (Zahner-Elektrik) was used for impedance data collection and analysis. 
The conductivity of the sample measured in the longitudinal direction was calculated using 
the relation σ = d/RA, where d and A are the distance between the inner electrodes and the 
cross sectional area of the membrane, respectively, and R is the resistance derived, via 
nonlinear fit, from the frequency- interval (400-10000 Hz) using a simple parallel RC-model.  
Typically, a strip of membrane 30 µm thick and 12.5 mm wide was rinsed in deionized water 
at 60 °C for one day and stored in water at RT. Just before measuring, the sample was dried 
on filter paper and left for several minutes at room conditions. At the end of the experiment, 
the thickness and width of the sample were measured and used for conductivity calculations. 
 
The proton dynamics at molecular level were followed by means of high resolution solid 
state nuclear magnetic resonance (SS-NMR). Proton NMR spectra were measured on a 
Bruker DMX-300 operating at the resonance frequency of 229.44 MHz. The NMR spectra are 
referenced to TMS and were collected at temperatures 295 K and 353 K with a temperature 
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stability of ± 0. 1°C. The length of a 900 radio-frequency pulse was about 7 µs. The dwell 
time was 3 µs, the recycle delay was 3 s, and the number of scans was 128 for all 
measurements.  
The water self-diffusion was measured by the Stejskal-Tanner method (pulse gradient 
stimulated echo or PGSTE)38 using a Bruker Diff30 probehead. The maximum available 
magnetic field gradient strength was 17.4728 T/m. The duration of the gradients was fixed to 
δ = 0.9 ms and the diffusion time to ∆ = 50 ms. The number of equidistant steps in the 
magnetic field gradient was n = 16. Proton spectra edited by the stimulated echo (STE) were 
measured with the z-gradient Gz = 0. All the other NMR parameters were identical with those 
used for recording 1H NMR spectra. A deconvolution numerical program was used for the 
evaluation of the integral intensity of the resonance line corresponding to diffusing water 
molecules. 
 
 
 
 
7.3 Results and discussion 
The poly(ether ether ketone) used in this study was randomly sulfonated by dissolving it at 
room temperature in concentrated sulfuric acid (95-98 %) and mixing the obtained solution at 
50 °C until 64 % of the repetitive units were functionalized by sulfonic acid groups (5 ½  
hours). The so obtained SPEEK was well soluble in dimethylacetamide, but not in water, at 
room temperature. The concentration of the SPEEK solution in DMAc was kept constant 
(0.175 g/mL) so that, before knife casting, all the solutions had similar viscosity. Due to its 
hydrophobic character, the liquid PEOS is a bad solvent for SPEEK. Therefore the liquid 
silica precursor was dissolved in a suitable solvent (MeOH or DMAc) to favor its miscibility 
with the SPEEK solution. In some cases the formed SPEEK-PEOS solutions were slightly 
turbid, independent from the PEOS content. In order to promote better dissolution of the two 
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polymers and create uniform solutions, the turbid solutions were heated to 67 °C for few 
minutes (up to 10 min for PEOS content above 50 wt%), until they became clear and they 
were further mixed at room temperature. In a previous study (Ref. 36), it was shown that this 
short treatment at 67 °C did not have influence on the final morphology of the membranes. 
The solutions were spread on the glass plate using always the same knife coater's gap so that 
the formed membranes could have comparable thickness (between 30 and 40 µm).  
The appearance of the hybrid SPEEK-silica membranes were judged qualitatively from a 
mechanical and optical point of view. The samples prepared from solutions with a content of 
PEOS up to 30 wt% (corresponding, in the final membrane, to a theoretical content of silica 
up to 17 wt%) were transparent, colorless and tough, i.e. they did not break upon bending or 
pulling. When the amount of PEOS in the solutions was increased up to 40 and 50 wt%, the 
final membranes, having a theoretical silica content of respectively ca 25 and 33 wt%, were 
also tough but opalescent, i.e. it was possible to see through them very clearly although they 
had a slight pearly color. This pearly coloration became more intense when the samples were 
prepared from solutions containing 60 and 70 wt% of PEOS, although it was still possible to 
distinguish the shape of the object behind these translucent membranes. These samples, 
having a theoretical final silica content of ca 43 and 54 wt%, were mechanically not stable: 
SP-PE.60 can be described as brittle since it broke upon bending independently from the place 
where the bending was applied, while SP-PE.70 broke in several pieces even without 
touching it.  
The growing opalescence with the increasing silica content could be expected, although from 
simple observation we could not deduce whether it derived from a growth of the size of the 
inorganic domains or it was simply due to an increase of the number of the silica particles or 
to a combination of both these effects. It should be noted that all membranes had a uniform 
aspect and, in the applied range of thickness, none of them was opaque.  
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The mechanical and optical appearances of the hybrid samples are summarized in Table 7.2 
together with the results from the TEM investigations. 
Table 7.2  
Mechanical and optical properties of the SPEEK-silica membranes and results of the TEM analysis. 
 
Sample Optical 
appearance 
Mechanical 
stability 
Silica domains: size and aspect 
SP-PE.10 transparent tough 2-5.5 nm round 
SP-PE.20 transparent tough 2.5-10 nm round 
SP-PE.30 transparent tough 50-140 nm 
<10 nm  
2.5-4 nm 
oval 
diffused 
 round 
SP-PE.40 opalescent tough 110-210 
3.5-6 nm 
oval 
round 
SP-PE.50 opalescent tough 50-150 nm 
2.5-4 nm 
oval 
round 
SP-PE.60 translucent brittle 150-350  nm 
3-6 nm 
irregular/interconnected 
round 
SP-PE.70 translucent extremely brittle 4-10 nm round 
 
7.3.1 Membrane morphology 
The bulk morphology of the SPEEK-silica membranes was analyzed by means of 
transmission electron microscopy (TEM). The description of the morphology is based on the 
TEM images reported in Figure 7.1 where, for each sample, an overview of the bulk 
appearance is given in the images taken at lower magnification (10000x, on the left side), 
while the details of the matrix are shown in the TEM images taken at higher magnification 
(50000x, on the right side). 
The morphology of the sample with the lowest silica content, SP-PE.10, was characterized by 
round ultrasmall silica nanoparticles (2-5.5 nm), very well dispersed within the polymeric 
matrix and only visible at the TEM operating in the higher magnification range. Slightly 
bigger, round and well defined silica nanoparticles (2.5-10 nm) formed in the sample prepared 
from a solution containing 20 wt% of silica precursor. These particles were already visible at 
lower magnification, most probably because during the microtoming of sample SP-PE.20 
thinner sections were obtained than for sample SP-PE.10. At first sight the inorganic particles 
in sample SP-PE.20 appear very well distributed within the sulfonated organic matrix.  
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Figure 7.1 (Starts from previous pages) TEM images at two magnifications (on the left = 
10000x, on the right = 50000x) of hybrid SPEEK-silica membranes prepared from SPEEK-
PEOS solutions with increasing PEOS content, i.e. from top to bottom: 10, 20, 30, 40, 50, 60 
and 70 wt.% of PEOS in solution.  
The images were acquired at the Libra120 TEM operated at 120 kV. 
 
 
However the image at higher magnification shows that these particles did not form at regular 
distance between each other. It seams that, when increasing the amount of PEOS in the 
solution from 10 to 20 wt%, the ultrasmall silica particles grew in size rather than in number, 
most probably upon coalescence of neighboring inorganic domains.  
Upon the addition of 30 wt% of PEOS to the solution, the silica particles in the membrane SP-
PE.30 formed with multiple size distribution, resulting in elongated silica particles in the 
range of 50-140 nm, and ultrasmall particles (below 10 nm) that were visible all over the 
matrix as domains with not well defined edges and within the bigger silica particles as very 
little black particles (2.5-4 nm) with sharper edges. The dimensions and the number of the 
inorganic domains in sample SP-PE.30 were small enough to result in a transparent sample. 
The size of the oval silica particles in the 100nm-range grew up to 210 nm when sample SP-
PE.40 was prepared. Beside the increased size of these domains, also their number seamed to 
be grown compared to sample SP-PE.30. Both these effects could explain the opalescence of 
sample SP-PE.40. Also in the case of sample SP-PE.40, very little round silica particles (3.5-6 
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nm) scattered all over the matrix. When additional 10 wt% of PEOS was added in solution to 
prepare the sample SP-PE.50, the morphology of the final membrane was once more 
characterized by multimodal size distribution of the silica particles within the sulfonated 
matrix. In this sample, the oval particles in the 100nm-range grew up to 50-150 nm, thus they 
had dimensions comparable to sample SP-PE.30 but, since their amount was higher, sample 
SP-PE.50 was opalescent. Also smaller round silica particles (2.5-4 nm) formed in sample SP-
PE.50. 
The morphology of sample SP-PE.60 was characterized by a continuous network of the 
organic polymer within almost interconnected inorganic domains of irregular shape and 
jagged edges. When observing carefully these domains, it is possible to distinguish oval-
shaped particles. The length of the long side of these particles can be approximately estimated 
between 150 and 350 nm. When these particles touch each other, they form continuous 
inorganic domains that can be up to ca 650 nm long and 150 nm wide. The formation of these 
rather big domains conferred the translucent and brittle aspect to sample SP-PE.60. Moreover, 
also in this sample, very small and sharp particles (3-6 nm) were included in the organic 
phase, indicating that the organic-inorganic phase separation occurred in different steps. 
The morphology of sample SP-PE.70 was surprisingly different than what it could have been 
expected. Indeed, instead of a strong organic-inorganic phase separation with the formation of 
rather big silica domains, countless small and round silica particles (4-10 nm) of monomodal 
size distribution, very close to each other, fully dotted the entire sample. In the TEM image of 
this sample at lower magnification, darker areas are observed, which most likely are due to 
slight differences in thickness within the microtomed ultrathin sections.  
 
From the observation of the TEM images of the SPEEK-silica membranes obtained from 
solutions with increasing amount of PEOS, we can speculate about the formation of the 
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organic-inorganic phase separation when the membranes are prepared following the 
procedure described above. 
The hydrophobic silica precursor polymer is miscible in solution with the more hydrophilic 
sulfonated polymer thanks to the presence of a common dissolving medium, 
dimethylacetamide. According to the conclusions drawn by other research groups39,40, DMAc 
is an amphiphilic solvent that, when used in the preparation of nanocomposite materials from 
organic polymers and alkoxysilanes, helps suppressing particles aggregation39 and reducing 
the organic-inorganic phase separation thanks to the formation of hydrogen bonds with the 
silanol moieties of the hydrolyzed alkoxysilanes and its high compatibility with the organic 
polymers40. As mentioned in the experimental part, our working hypothesis is that the 
conversion of polyethoxysiloxane into silica is catalyzed by the sulfonic acid groups of 
SPEEK. The hydrolysis of PEOS can start already in solution, in the presence of the water 
dissolved in the solvent. When the cast film is heated in the oven and the sample is still liquid, 
additional PEOS end-groups are hydrolyzed and their condensation into silica network is 
promoted. The hydrolyzed end-groups have more affinity for the sulfonic acid groups while 
the unconverted ethoxy end-groups have more affinity for the hydrophobic aromatic chains of 
SPEEK. Thus, during membrane formation, there is a continuous change in the extension of 
the hydrophilic-hydrophobic and of the organic-inorganic phase separation, depending on the 
degree of hydrophobicity of the end-groups of PEOS, on the state of the crosslinking of the 
inorganic network and on the mobility of the system. When the solvent is completely 
evaporated, the morphology of the membrane is frozen in the arrangement that is observed by 
transmission electron microscopy, although by the TEM analysis it was not possible to 
determine whether the darker domains were due to solid silica or to unconverted PEOS 
                                                 
39
 D. E. Rodrigues, B. G. Risch and G. L. Wilkes; Phase separation behavior of silicate phases grown in 
poly(methyl methacrylate) by a sol-gel process, Chem. Mater., 1997, 9, 2709. 
40
 T. Ogoshi and Y. Chujo; Synthesis of organic-inorganic polymer hybrids utilizing amphiphilic solvent as 
compatibilizer, Bull. Chem. Soc. Jpn., 2003, 76, 1865. 
204 
 
wrapped in the organic polymeric matrix. The degree of conversion of PEOS into silica within 
these nanocomposite membranes was not further investigated in this study.  
We can assume that the higher is the relative amount of sulfonic acid groups and water diluted 
in the solvent, the more uniform is the hydrolysis of the PEOS end-groups. This leads to a less 
strong hydrophilic-hydrophobic phase separation and, ultimately, to a narrower size 
distribution of the inorganic domains. This is what happened, for example, in the case of 
sample SP-PE.10 (see Figure 7.1). By increasing the PEOS content we could expect that the 
number of ultrasmall silica particles grows until they touch each other and form a percolating 
structure. However, it seams that during the formation of sample SP-PE.20 the silica particles 
reached the equilibrium by coalescing into each other, thus forming bigger and fewer particles 
than in sample SP-PE.10. At this point, it is interesting to remind that all the samples were 
characterized by the presence, all over the matrix, of silica particles in the range of 2-10 nm. 
These particles might derive from the PEOS molecules that hydrolyzed first and did not 
strongly phase separate from the organic polymer. A further increase in the amount of PEOS 
creates a lack of homogeneity in the hydrolysis and condensation of the ethoxy end groups 
which occur at different times. Thus the hydrophobic PEOS molecules which convert in 
another moment, separate more strongly from the SPEEK, resulting into bigger inorganic 
domains. Indeed sample SP-PE.30, is characterized by inorganic domains with multimodal 
size distribution, where the sudden appearing of silica particles in the 100nm-range marks 
noticeably the difference in morphology with the previous sample (SP-PE.20). At this stage 
the successive addition of the silica precursor can result in the increase of size and number of 
the particles in the 100nm range, as indeed it happened in sample SP-PE.40. However when 
sample SP-PE.50 is formed, the bigger particles reached the equilibrium by a decrease of their 
size and a considerable increase of their number. The morphology of sample SP-PE.60 can be 
depicted by the presence of oval silica particles, as the one observed in sample SP-PE.50, that 
seem covered by a "flow" of precursor, so that domains with irregular shape and domains 
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interconnected with each other are formed. As already observed when passing from sample 
SP-PE.40 to SP-PE.50, also when going from sample SPEEK-PEOS-60 to SP-PE.70 the extra 
increase of the amount of the silica precursor does not lead to an enlargement of particles 
dimension but, on the contrary, to a drastic decrease in their size and an astonishing growth of 
their surface area.  
 
The morphology of the nanocomposite SPEEK-silica membranes described in this paragraph 
is representative of the membranes prepared as described in the experimental part. However, 
in a previous study36 it has been shown how the morphology of the nanocomposite films 
obtained form solution of SPEEK and PEOS can change by changing some experimental 
parameters. Thus, by using the same materials in the same proportions as given in this study, 
the resulting morphology could be modified by varying, for example, the casting conditions.  
7.3.2 Proton mobility: impedance spectroscopy 
The bulk proton conductivity of the nanocomposite SPEEK-silica membranes was measured 
via four-probes electrochemical impedance spectroscopy (EIS) along the films (longitudinal 
conductivity) rather than perpendicular (transverse conductivity) to minimize the 
accumulation of charges at the blocking electrodes at low frequencies19. All samples (besides 
SP-PE.60 and SP-PE.70 that were not mechanically stable and were not considered for proton 
mobility measurements) were pre-conditioned by immersion in water at 60 °C for one day and 
they were stored in water until they were measured. This treatment was performed so that the 
level of hydration was maximized for all the membranes. Indeed it is known that high degree 
of hydration, and therefore enhanced proton conductivities, cannot be attained by hydrating in 
situ at 100% RH (relative humidity) a non-treated membrane41. Moreover in previous papers42 
                                                 
41
 D. J. Jones and J. Roziére; Recent advances in the functionalisation of polybenzimidazole and polyetherketone 
for fuel cell applications, J. Membr. Sci., 2001, 185, 41. 
42
 S. Kaliaguine, S. D. Mikhailenko, K. P. Wang, P. Xing, G. Robertson and M. Guiver; Properties of SPEEK 
based PEMs for fuel cell application, Catalysis Today, 2003, 82, 213. 
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it was pointed out that the conductivity measured in the longitudinal direction could be 
strongly overestimated if the bulk humidification is lower than that of the surface where 
moisture absorbs. It is therefore important to maximize the bulk hydration of the films. In 
addition, the treatment in water is expected to wash away some residual solvent and, possibly, 
to convert some eventually un-reacted PEOS end-groups, therefore improving the proton 
transport. Indeed the DMAc could form hydrogen-bond (especially at higher temperatures43) 
with the sulfonic acid groups, while the hydrophobic ethoxy end-groups of PEOS would 
block the absorption of water on the surface of the silica particles, both effects being 
detrimental for the efficiency of the system. 
The morphology of the membranes was not affected by the water treatment as demonstrated, 
for example, by the TEM images of sample SP-PE.40 after immersion in water reported in 
Figure 7.2. 
 
Figure 7.2 TEM images at two magnifications (on the left = 10000x, on the right = 50000x) 
of sample SP-PE.40 after immersion in water at 60°C for one day. 
The images were acquired at the Libra120 TEM operated at 120 kV. 
 
 
                                                 
43
 G. P. Robertson, S. D. Mikhailenko, K. Wang, P. Xing, M. D. Guiver and S. Kaliaguine; Casting solvent 
interactions with sulfonated poly(ether ether ketone) during proton exchange membrane fabrication, J. Membr. 
Sci., 2003, 219, 113. 
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The comparison between these images and those of sample SP-PE.40 as prepared reported in 
Figure 7.1, do not show significant changes in the morphology of this sample before and after 
immersion in water. The size, the shape and the number of the silica particles in the 100nm-
range stay unmodified. As regards the little silica particles that are very well visible in the 
image at higher magnification of SP-PE.40 as prepared, in the corresponding image of the 
sample after water treatment they appear less contrasted, but in the same size range. We 
believe that this dissimilar appearance derives from different thicknesses of the microtomed 
sections.  
 
The conductivity was measured at increasing temperature at 90% relative humidity. This 
value of humidity was selected instead of 100% to avoid excessive swelling or even 
dissolution of the membranes and to be able to facilitate the equilibration of the system 
without provoking fluctuations of the relative humidity values, especially at higher 
temperatures. Indeed it is known that the conductivity of SPEEK-based membranes is greatly 
affected by variation of the relative humidity44. For each temperature step, the system was 
equilibrated for a period of two hours before acquiring the spectra. Moreover, three successive 
heating/cooling cycles were performed, with the first and the second heating cycle until 100 
°C and third cycle until 120 °C. These measuring cycles were applied only to selected 
samples. Figure 7.3 shows the values of conductivity reached at 100 °C during each heating 
cycle for the samples prepared from solutions containing 10, 20 and 50 wt% of PEOS. The 
membrane prepared from the pure SPEEK (0% PEOS) was also measured for comparison. 
                                                 
44
 G. Alberti, M. Casciola, L. Massinelli and B. Bauer; Polymeric proton conducting membranes for medium 
temperature fuel cells (110-160°C), J. Membr. Sci., 2001, 185, 73. 
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Figure 7.3 Proton conductivity at 100 °C and 90% RH of pure SPEEK, SP-PE.10, SP-PE.20, 
and SP-PE.50 membranes during three successive heating cycles. 
 
The conductivities of all the membranes changes during the measuring cycles, increasing 
from the first to the third cycle. However, before analyzing these data and giving a possible 
interpretation, we should consider the behavior of the samples during a complete cycle. Figure 
7.4 shows the conductivities of sample SPEEK, SPEEK.PEOS.10, SP-PE.20 and SP-PE.50 
measured during the third heating cycle from 40 to 120 °C (90 % RH).  
 
Figure 7.4 Proton conductivity measured at 90% RH from 40 to 120°C of pure SPEEK, SP-
PE.10, SP-PE.20, and SP-PE.50 membranes (third heating cycle). 
 
For each sample the conductivity increases with temperature. However a drop in conductivity 
is observed from 80 to 100 °C for samples SP-PE.10 and SP-PE.50. At the present we do not 
have a plausible explanation for this effect which could be due either to some intrinsic 
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phenomena occurring within these samples in the temperature range between 80 and 100 °C 
(for these samples similar sudden drops were observed also in the other two heating cycles) or 
to a measurement artifact (the measured values of resistance of this series of membranes lie at 
the limits of detection of the instrument making difficult to obtain results without fluctuations 
especially at such values of relative humidity and temperature). Thus it is reasonable to 
assume that for samples SP-PE.10 and SP-PE.50 the conductivity at 100 °C should be at least 
the same, if not higher, than the values at 80 °C. Therefore for these two samples in the third 
cycle we replaced the values at 100 °C by those at 80 °C, and we calculated the increase in 
conductivity at a fixed temperature (100 °C) between the first and the third heating cycle. This 
increase was 47, 16, 28 and 61 % for samples SPEEK, SP-PE.10, SP-PE.20 and SP-PE.50, 
respectively (see also Figure 7.5). 
 
Also Alberti and coworkers44 found variations in the electrical conductivity of SPEEK after 
the first heating cycle (temperature range = 80-140 °C, RH = 75 %) and they proposed as 
possible explanation that, for a given relative humidity, the interaction forces between the 
polymeric chains weaken with increasing temperature, thus favoring growing hydration that is 
not lost during successive cycles, accounting for higher conductivity. From Figure 7.5 it 
seems that the pure SPEEK is more prone to eventual structural changes than samples SP-
PE.10 and SP-PE.20. It is possible that the presence of the silica particles hinders such 
changes during the measurements. Moreover, with an equal dimension of the investigated 
sample, the relative volume fraction of the sulfonic acid groups in the pure SPEEK is higher 
than in the composite samples. The acidic function is expected to be more hydrated than a 
Figure 7.5 Relative increase in 
conductivity (%) at 100 °C (RH = 90 %) 
from first to third heating cycle as a 
function of PEOS used to prepare the 
nanocomposite SPEEK-silica 
membranes. 
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silanol group23, and this also could explain the higher tendency of SPEEK to increase 
conductivity in successive cycles than the samples with lower silica content (5.4 and 11.4 
wt% upon complete PEOS conversion). However the relative increase in conductivity at 100 
°C for successive cycles grows linearly with increasing silica content, surpassing the pure 
SPEEK with sample SP-PE.50 (ca 33 wt% of silica). At higher amount of silica the 
contribution of the hydration of the silanol groups to this phenomenon becomes more 
relevant.  
The presence of an inert, i.e. per se non conductive filler such as the silica that was created 
from polyethoxysiloxane, did not compromise the conductivity of the ionomer. On the 
contrary it provided more efficient proton transport in a rather wide temperature range of 
temperatures (from 40 °C to 120 °C, see Figure 7.4). This conclusion is in agreement with 
that of other research groups (see for example Refs. 24 and 28). For each temperature step, the 
conductivity values of the composite membranes were higher than the corresponding values 
of the pure SPEEK. However, the proton conductivity of the samples containing silica did not 
show a strong dependency on the silica content. To explain this results the same 
considerations already proposed above could be applied. The decrease of effective number of 
acidic sites per volume unit is compensated by the increasing amount of silanol moieties. 
Moreover, as mentioned in the introduction, the microstructure of the SPEEK-based materials 
can change during the formation of the membranes from SPEEK-PEOS solutions. The in situ 
transformation of the hydrophobic liquid polyethoxysiloxane in the more hydrophilic solid 
silica can influence the size, the interconnectivity and the degree of branching of the SPEEK 
hydrophilic channels (sulfonic acid aggregates) within the hydrophobic domains (aromatic 
backbone), thus offering new path for the transport of protons. The proton conductivity 
through the membrane was not only increased when PEOS was used, but it also showed less 
strong dependence on the hydration level of the membrane (at least for sample SP-PE.10 and 
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SP-PE.20). This indicates that it is possible that a change in the hydrophobic-hydrophilic 
phase separation took place18. 
All samples were characterized by a steep increase in conductivity at 120 °C, being at this 
temperature the conductivity of the composite membranes up to 50-66 % higher than the 
sample without silica. In general the values of the electric conductivity of our SPEEK based 
membranes were in the same range found by other research groups (see for example Ref. 42 
and references therein). 
7.3.3 Proton mobility: SS-NMR 
Water self-diffusion as measured by NMR 
The proton mobility at molecular level was analyzed by solid state NMR. 1H spectra edited by 
stimulated-echo allow the study of the water self-diffusion within the membrane, as explained 
in the following. 
In general, the water within the polymeric membranes can be bound to the polymer chain 
(strongly and weakly bound) or it can be free45. The signal of the bound water cannot be 
detected by the stimulated echo due to its short proton transverse magnetization relaxation 
time. However, the signal of mobile molecules, e.g. free water, can be detected by STE. 
Figure 7.6 shows exemplarily the STE edited 1H spectra of the SPEEK membrane and of 
sample SP-PE.30. From this figure it is evident that different protonated molecules having 
relatively large mobility are present in the prepared membranes. The fast proton exchange 
between bound and free protonated molecules leads to line narrowing and, ultimately, allows 
signals differentiation. For the hydrated SPEEK membrane the most intense peak with a small 
linewidth at 3.7 ppm is assigned to the free water molecules (Figure 7.6.a). The narrow 
methylene peak at 1.2 ppm is assigned to solvent residues. For the hydrated SP-PE.30, a shift 
                                                 
45
 Y. S. Kim, L. Dong, M. A. Hickner, T. E. Glass, V. Webb and J. E. McGrath, State of water in disulfonated 
poly(arylene ether sulfone) copolymers and a perfluorosulfonic acid copolymer (Nafion) and its effect on 
physical and electrochemical properties, Macromolecules, 2003, 36, 6281. 
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and a broadening of these peaks take place as it is shown in Figure 7.6.b. The NMR signal of 
protons from the rigid SPEEK polymer chains does not appear in the spectra since it is 
eliminated by the transverse magnetization relaxation filter imposed by the first two radio-
frequency pulses.  
 
 
Once the integral intensity of the mobile water molecules is identified by the PGSTE method, 
it is possible to study the water self-diffusion within the membranes. Indeed, the self-diffusion 
coefficient D is related to the NMR signal by the relationship38    
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where ( )nS  is the selected NMR peak integral intensity for the nth value of the gradient field, 
i.e. GZ = n(∆Gz), and γ  is the magnetogyric ratio. The gradient duration is δ and the distance 
between the gradients ∆ represents the diffusion time. Equation (1) describes rigorously the 
diffusion-encoded signals only for unrestricted diffusion and in the limit for very fast proton 
exchange. 
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Figure 7.6 Proton NMR spectra edited by the STE pulse sequence without magnetic field 
gradients. a) fully hydrated unfilled SPEEK membrane. b) sample SP-PE.30. 
a) b) 
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Examples of diffusion decays are shown in Figure 7.7 for the hydrated unfilled SPEEK 
membrane at two different temperatures.  
 
From these decays it appears that the self-diffusion process is complex. The non-exponential 
character of the diffusion decay curves could be explained by: (i) the presence of two types of 
environment where the water is confined; (ii) the influence of the proton exchange between 
bond and free water molecules46,47,48. A more quantitative analysis of the latter effect deserves 
further investigations that are beyond the scope of the present study. 
As regard the hypothesis of two types of water-confinement, we should consider the 
microstructure of the pure sulfonated poly(ether ether ketone) membrane (see also 
Introduction and Ref. 18). Upon membrane formation, phase separation occurs between the 
hydrophilic sulfonic acid groups and the hydrophobic aromatic chains. The ionic groups 
organize in clusters connected with each-other by channels passing through the hydrophobic 
                                                 
46
 M. Horstmann, M. Urbani and W. S. Veeman; Self-diffusion of water in block copolymer(ether-ester) 
polymers: an NMR study, Macromolecules, 2003, 36, 6797. 
47
 R. Fechete, D. E. Demco, U. Eliav, B. Blümich and G. Navon; Self-diffusion anisotropy of water in sheep 
achilles tendon, NMR Biomed., 2005, 18, 577. 
48
 M. Baias, D. E. Demco, I. Colicchio, B. Blümich and M. Möller, Proton exchange in hybrid sulfonated 
poly(ether ether ketone)-silica membranes by 1H solid-state NMR, Chem. Phys. Lett., 2008, 456, 227. 
Figure 7.7 The dependence of the ln[S(n)/S(0)] on the square of the number of gradient steps 
2
n  for the fully hydrated unfilled SPEEK membrane at two different temperatures. The lines 
are drawn as guidelines for the eyes. a) T= 295 K; b) T=353 K. 
a) b) 
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domains. The size and the interconnectivity of the clusters depend on the hydrophobic-
hydrophilic phase separation, i.e. on the hydrophobicity and the stiffness of the polymeric 
chain, and on the acidity of the functional groups. The water molecules are less constrained in 
the ionic clusters, where a “fast” diffusion process occurs preferentially. On the other hand, 
the passage of water through the connecting channels is more hindered, thus leading to a 
“slow” diffusion process.   
Therefore, in first approximation, the self-diffusion processes can be described by the “fast” 
diffusion process characterized by the coefficient Dfast (steep slope in Figure 7.7.a), and the 
“slow” diffusion process characterized by the coefficient Dslow (slight slope Figure 7.7.b), so 
that: 
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where k is the average proton exchange rate. The meaning of the other symbols is given above 
for Eq. (1). 
The increase in the temperature from 295 K to 353 K is expected to enhance the efficiency of 
the slow diffusion in SPEEK as well as the fractional number of water molecules involved in 
this process until, eventually, the slow and the fast diffusion processes become 
indistinguishable. This is evident from the comparison of Figure 7.7.a with Figure 7.7.b. 
The self diffusion process in the hybrid membranes showed differences compared to the pure 
SPEEK. For the samples prepared with PEOS content between 10 and 40 wt% the diffusion 
decays are single exponential at T = 295 K. This means that, in the hypothesis of different 
types of water confinement, it is not possible to distinguish between the contribution of water 
diffusion in the ionic clusters and in the channels. Either these hybrid membranes are a more 
homogeneous medium for water diffusion compared to the unfilled membrane, or the 
presence of the inorganic component promotes one type of diffusion at the expenses of the 
other. The hydrophilic silica particles could enhance the fast diffusion. On the other hand, the 
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transformation of PEOS into silica during membrane formation could affect the 
microstructure of SPEEK by changing the hydrophilic-hydrophobic phase separation, i.e. the 
size and the distribution of the ionic clusters and the inter-connecting channels. 
The changes induced by the inorganic component depend on the used amount of silica 
precursor. Indeed, sample SP-PE.50 does not show a single exponential at room temperature. 
It is hypothesized that the numerous silica particles in the 100nm range (see Figure 7.1) 
modify substantially the morphology of sample SP-PE.50 compared to the hybrid membranes 
with lower silica content, leading to different types of constraint to the water diffusion at 
room temperature. 
At higher temperature (T = 353 K) the diffusion decays are single-exponential, independent of 
the silica content. As in the case of pure SPEEK, at higher temperature the slow and the fast 
diffusion processes become indistinguishable. 
The diffusion coefficients for the series SPEEK/SiO2 at T = 295 K and T = 353 K are shown 
in Figure 7.8 as a function of the PEOS content. For the samples SPEEK and SP-PE.50 where 
two diffusion coefficients were calculated, the coefficient Dslow is reported. At room 
temperature, the apparent diffusion coefficient increases slightly from sample SPEEK to 
sample SP-PE.10 and reaches a clear maximum with SP-PE.20. Thus the presence of 
ultrasmall silica particles (10 nm or smaller, see Figure 7.1 and Table 7.2) influences 
positively the water diffusion at room temperature. At higher silica content, in the limit of 
experimental errors, the water diffusion coefficient is not changing significantly with the 
content of silica compared to the pure ionomer, besides a slight reduction for sample SP-
PE.30 (Figure 7.8.a). At T = 353 K, however, the maximum of diffusion coefficient shifts 
towards higher inorganic contents.  
The results here presented show that the water diffusion in SPEEK-silica membranes obtained 
from solutions of SPEEK-PEOS is a rather complicated phenomenon. At the present the 
correlation between silica content/sample morphology and diffusion mechanism is not fully 
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understood. However it is worth noting that the silica particles did not affect negatively the 
water diffusion within the membranes by, for example, acting as obstacles. On the contrary, in 
some cases, they promoted the water diffusion compared to the unfilled sample.   
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Figure 7.8 Apparent diffusion coefficients for the fully hydrated series of SPEEK/SiO2
membranes as a function of PEOS content. The measurements were made using PFGSTE 
NMR method with diffusion time ∆ = 50 ms for T = 295 K (a) and T = 353 K (b). The errors 
are of the order of 5%. The lines are drawn as guidelines for the eyes. 
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7.4 Conclusions 
In this study we proposed a new approach to prepare hybrid SPEEK-silica membranes via the 
sol-gel process. Indeed instead of tetraethoxysilane (TEOS) we used the hyperbranched silica 
precursor polymer synthesized in our group, polyethoxysiloxane (PEOS). The morphology 
and the proton mobility of the nanocomposite membranes with increasing silica content were 
characterized via transmission electron microscopy images, not very often encountered in the 
literature for nanocomposite membranes for fuel cell, and a combination between the water 
self-diffusion measured by 1H solid-state NMR and impedance spectroscopy. The main 
conclusions to our investigations are given in the following. 
- The SPEEK-silica membranes prepared from solutions with up to 50 wt% of silica precursor 
were mechanically stable.  
- The silica particles that formed within the organic sulfonated matrix were characterized 
mainly by two size ranges: between 2.5 and 10 nm, and between 50 and 210 nm. 
- The proton conductivity at 90 % relative humidity of the composite membranes was higher 
than the pure ionomer in the temperature range between 40 and 120 °C. At the end of the third 
heating cycle, the conductivity at 120 °C of the composite samples was 50-66 % higher than 
the pure SPEEK.  
- In the higher temperature range (starting from 80 °C), the proton conductivity of the 
SPEEK-silica membranes at 90 % RH was basically independent from the silica content. 
The proton conductivities of the samples prepared from the lowest PEOS content (10 and 20 
wt%) were more stable upon successive heating/cooling measuring cycles at 90 % RH, 
showing less dependency on membrane hydration that the pure SPEEK. 
- Water diffusion measurements by NMR showed that the water transport is a complex 
phenomenon. It is associated with the proton exchange process between bound and free water 
and the existence of the different types of environment where the water is confined, such as 
ionic clusters and interconnecting channels. The water transport is affected in different 
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manner by the PEOS content at different temperatures, being the water diffusion coefficient 
of the hybrid membranes in the same range of the pure ionomer or even higher. 
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Chapter 8 
Proton exchange in  
SPEEK– silica membranes as determined by  
high resolution 1H solid state NMR  
 
 
8.1 Introduction 
Nowadays the design of new proton exchange membranes for fuel cells (PEMFC) is still 
inspired by the knowledge developed around the PEMFC benchmark, the perfluorosulfonic 
acid-based membrane Nafion1. Being proton conductivity the most immediate parameter used 
to evaluate membranes’ performances, the properties that influence such parameter in Nafion 
are largely investigated. The proton conduction in Nafion relies on the presence of water. 
Thus, even if growing interest is being addressed towards anhydrous materials2 where 
conductivity is assisted by protic solvents other than water, such as phosphoric acid3 or 
heterocycles  such as imidazole4, pyrazole, benzimidazole, or where conductivity is an 
intrinsic characteristic of fully polymeric systems5, hydrated membranes still constitute the 
                                                 
1
 K. A. Mauritz and R. B. Moore; State of understanding of nafion, Chem. Rev., 2004, 104, 4535. 
2
 M. E. Schuster and W. H. Meyer; Anhydrous proton-conducting polymers, Annu. Rev. Mater. Res., 2003, 33, 
233. 
3
 Q. Li, H. A. Hjuler and N. J. Bjerrum; Phosphoric acid doped polybenzimidazole membranes: physiochemical 
characterization and fuel cell applications, J. Appl. Electrochem., 2001, 31, 773. 
4
 M. F. H. Schuster, W. H. Meyer, M. Schuster and K. D. Kreuer; Toward a new type of anhydrous organic 
proton conductor based on immobilized imidazole, Chem. Mater., 2004, 16, 329. 
5
 M. Schuster, W. H. Meyer, G. Wegner, H. G. Herz, M. Ise, M. Schuster, K. D. Kreuer and J. Maier; Proton 
mobility in oligomer-bound proton solvents: imidazole immobilization via flexible spacers, Solid State Ionics, 
2001, 145, 85. 
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majority of the materials explored as alternative to Nafion6,7,8. The state (or nature) of the 
water confined in the polymer matrix has direct consequences on the transport properties of 
the proton within the membrane, i.e. dissociation, transfer, and transport. Defining the state of 
the water and describing the hydrated morphology of the membrane is essential for designing 
smart PEM. This can be achieved by a combination of theoretical calculations and several 
experimental techniques. For example, first-principle-based electronic structure calculations 
can assign the role of water in the conduction mechanism in hydrated PEM9,10. When enough 
water molecules are added, the proton dissociates from the acidic sites and a protonic defect 
forms, promoted by acidic functional groups with higher strength. Then the proton is 
transferred to the aqueous medium that acts as a screen between the hydrated proton and its 
conjugate base, being the screen effect enhanced by hydration water with high local dielectric 
constant11. Finally the proton diffuses in the water confined within the polymer matrix. 
Experimentally, impedance spectroscopy and pulsed field gradient spin-echo nuclear 
magnetic resonance12,13 (PFGSE NMR) measurements are widely used to determine proton 
diffusion coefficient (DH+, estimated from the conductivity data using the Nernst-Einstein 
equation under the assumption of full dissociation of the sulfonic acid functional groups) and 
water diffusion coefficient (D1H) as a function of water content. The ratio DH+/ D1H indicates 
which type of mechanism rules the proton transport. When this ratio approaches unity, a 
                                                 
6
 Q. Li, R. He, J. O. Jensen and N. J. Bjerrum; Approaches and recent development of polymer electrolyte 
membranes for fuel cells operating above 100°C, Chem. Mater., 2003, 15, 4896. 
7
 G. Alberti and M. Casciola; Composite membranes for medium-temperature PEM fuel cells, Annu. Rev. Mater. 
Res., 2003, 33, 129. 
8
 J. Roziere and D. J. Jones; Non-fluorinated polymer materials for proton exchange membrane fuel cells, Annu. 
Rev. Mater. Res., 2003, 33, 503. 
9
 S. J. Paddison; Proton conduction mechanism at low degrees of hydration in sulfonic acid-based polymer 
electrolyte membranes, Annu. Rev. Mater. Res., 2003, 33, 289. 
10
 K. D. Kreuer; On the development of proton conducting polymer membranes for hydrogen and methanol fuel 
cells, J. Membr. Sci., 2001, 185, 29. 
11
 S. J. Paddison, G. Bender, K. D. Kreuer, N. Nicoloso and T. A. Zawodzinski Jr; The microwave region of the 
dielectric spectrum of hydrated nafion and other sulfonated membranes, J. New Mat. Electrochem. Systems, 
2000, 3, 291. 
12
 J. E. Tanner; Use of the stimulated echo in NMR diffusion studies, J. Chem. Phys., 1970, 52, 2523. 
13
 T. A. Zawodzinski Jr, M. Neeman, L. O. Sillerud and S. Gottesfeld; Determination of water diffusion 
coefficients in perfluorosulfonate ionomeric membranes, J. Phys. Chem., 1991, 95, 6040. 
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vehicle14 type of mechanism occurs: protons and water molecules diffuse in a concerted 
fashion. If this ratio approaches values above unity the Grotthuss15 mechanism is prevailing: 
intermolecular proton transfer, with rapid proton hopping between neighboring sites followed 
by the reorientation of solvent dipoles (water), occurs. The proton transport through the 
Grotthuss mechanism requires the presence of an infinite hydrogen bond network in order to 
occur. As general indication, the values of proton and water diffusion coefficients start to 
diverge with increasing water content13, decreasing temperatures and increasing pressure16,17, 
and with water confinement in a less polar host16. At higher water content, water acquires 
bulk-like character and therefore reorients more quickly to promote proton hopping. If the 
water is confined in polar host, strong interaction of the proton with the environment inhibits 
the proton transfer events within the hydrogen bond network. The strength of the bonds 
creating the hydrogen bond network should be a subtle compromise between strong 
interaction that favor intrabond proton transfer and weak interaction that favor hydrogen bond 
breaking with subsequent fast structural reorganization. It can be understood that the 
boundaries between vehicle and Grotthuss transport are not so neat and, most probably, 
proton diffusion within hydrated sulfonic acid-based membranes occurs as a combination of 
the two mechanisms. 
 
While the bulk (or free) water is mainly involved in the diffusion process, the water which is 
tightly or loosely bound to the sulfonic acid groups, i.e. at the first level of hydration or in the 
larger salvation shell, take part to the proton transport process by dissociation and proton 
                                                 
14
 K. D. Kreuer, A. Rabenau and W. Weppner; Vehicle mechanism, a new model for the interpretation of the 
conductivity of fast proton conductors, Angew. Chem., Int. Ed., 1982, 21, 208. 
15
 N. Agmon; The Grotthuss mechanism, Chem. Phys. Lett., 1995, 244, 456. 
16
 K. D. Kreuer; Proton conductivity: materials and applications, Chem. Mater., 1996, 8, 610. 
17
 K. D. Kreuer; Fast proton conductivity: a phenomenon between the solid and the liquid state? Solid State 
Ionics, 1997, 94, 55. 
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exchange. Experimental techniques including differential scanning calorimetry18 (DSC), 
thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy19 (FT-IR), one-
dimensional and two-dimensional 1H NMR spectroscopy20, relaxometry21,22 and 
diffusiometry13, give evidence of different states of the water and allow to correlate their 
participation with other properties relevant to fuel cell application (i.e. methanol permeability 
and electro-osmotic drag).  
NMR spectroscopy is a powerful tool widely used to probe the chemical exchanges between 
different molecular environments23. In this Chapter we underline the contribution of high 
resolution solid-state 1H NMR under fast magic angle spinning (MAS) to the understanding 
of the nature of the different water fractions enclosed within the polymeric membranes and 
characterize quantitatively the proton exchange processes between them. We report the results 
of such measurements on hydrated sulfonated poly(ether ether ketone) (SPEEK) membranes 
and on hydrated hybrid SPEEK-silica membranes prepared from solutions of SPEEK and 
polyethoxysiloxane24 (PEOS, a liquid silica-precursor hyperbranched polymer), following the 
concept of semi-interpenetrating network25.  
The temperature dependence of the full line width at half intensity from the 1H NMR spectra 
under magic angle sample spinning (MAS) was used to measure the enthalpy of activation of 
                                                 
18
 M. A. Hickner and B. S. Pivovar; The chemical and structural nature of proton exchange membrane fuel cell 
properties, Fuel Cells, 2004, 5, 213. 
19
 M. Laporta, M. Pegoraro and L. Zanderighi; Perfluorosulfonated membrane (Nafion): FT-IR study of the state 
of water with increasing humidity, Phys. Chem. Chem. Phys., 1999, 1, 4619. 
20
 G. R. Goward, M. F. H. Schuster, D. Sebastiani, I. Schnell and H. W. Spiess; High-resolution solid-state NMR 
studies of imidazole-based proton conductors: structure motifs and chemical exchange from 1H NMR, J. Phys. 
Chem. B, 2002, 106, 9322. 
21
 G. Ye, C. A. Hayden and G. R. Goward; Proton dynamics of Nafion and Nafion/SiO2 composites by solid state 
NMR and pulse field gradient NMR, Macromolecules, 2007, 40, 1529. 
22
 Y. S. Kim, L. Dong, M. A. Hickner, T. E. Glass, V. Webb and J. E. McGrath; State of water in disulfonated 
poly(arylene ether sulfone) copolymers and a perfluorosulfonic acid copolymer (Nafion) and its effect on 
physical and electrochemical properties, Macromolecules, 2003, 36, 6281. 
23
 A. D. Bain; Chemical exchange in NMR, Prog. Nucl. Magn. Reson. Spectrosc., 2003, 43, 63. 
24
 X. Zhu, M. Jaumann, K. Peter, M. Möller, C. Melian, A. Adams-Buda, D. E. Demco and B. Blümich; One-pot 
synthesis of hyperbranched polyethoxysiloxanes, Macromolecules, 2006, 39, 1701. 
25
 I. Colicchio, H. Keul, D. Sanders, U. Simon, T. E. Weirich and M. Moeller; Development of hybrid polymer 
electrolyte membranes based on the semi-interpenetrating network concept, Fuel Cells, 2006, 6, 225. 
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exchange processes based on an Eyring-type function. Moreover, the normalized enthalpy of 
activation is measured from the temperature dependence of the isotropic chemical shift. The 
dependence of these thermodynamic quantities on the PEOS content is also reported. 
 
 
8.2 Experimental section  
8.2.1 Membrane Preparation  
The detailed description of the synthesis of sulfonated poly(ether ether ketone) (SPEEK) and 
polyethoxysiloxane (PEOS) are reported elsewhere in this thesis (Chapter 2). For the study 
presented in this Chapter, SPEEK synthesized in concentrated sulfuric acid according to 
"Procedure 2" in Chapter 2 and PEOS containing only the high molecular weight fractions 
(Mn =1740; silica content = ca 48wt%) were used. The preparation of membranes via knife 
coating of solutions of SPEEK and PEOS at variable PEOS content is thoroughly described in 
Chapter 7. We report here one exemplarily description of sample preparation.  
SPEEK (0.35 g, 1.03 mmol; DS = 64 %) was dissolved at room temperature (RT) in DMAc (2 
mL; concentration = 0.175 g/mL). PEOS (0.15 g, 1.2 mmol; 30 wt% of the total weight of the 
two polymers) was dissolved in methanol (0.5 mL). The two solutions were mixed with a 
magnetic stirrer at RT for 120 minutes. The final solution was uniformly spread on a glass 
plate (3 mm thick) with a knife-coater (wet thickness = 350 µm) and transferred in an oven 
without controlled air circulation at 50 °C for 5 h and then in a second oven with air 
circulation at 120 °C for 16 h.  
The described sample was named SP-PE.30, where SP = SPEEK, PE = PEOS, and the 
number "30" stands for the weight percentage of PEOS to the total weight of the two 
polymers. The reader is referred to Chapter 7 for the detailed description of the other samples 
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here discussed: SP-PE.10, SP-PE.20, and SP-PE.40. For comparison, a sample without silica 
was prepared in the same conditions (SP-PE.0). 
The obtained membranes were immersed in demineralized water at 60 °C for one night and 
they were kept in water at room temperature until they were used for the measurements.  
8.2.2 1H NMR Measurements 
Proton NMR MAS spectra were measured on the Bruker DMX-300 and DSX-500 
spectrometers. The NMR spectra are referenced to TMS and were collected in the temperature 
range 295 - 370 K with a temperature stability of ± 0.1 °C. The length of a 90° radio-
frequency pulse was about 7 µs (at 300 MHz) and 4.5 µs (at 500 MHz). The dwell time was 3 
µs (at 300 MHZ) and 1 µs (at 500 MHz), and the recycle delay was 3 s for all measurements.  
 
 
 
 
8.3 Results and discussion 
The aim of this study is to characterize quantitatively by 1H solid-state NMR MAS 
spectroscopy the proton exchange processes occurring in hydrated hybrid sulfonated 
poly(ether ether ketone)-silica membranes, and to investigate how increasing amount of silica 
effects these processes. For this purpose, hybrid SPEEK-SiO2 membranes, where the 
hyperbranched liquid polymer polyethoxysiloxane was used as silica precursor, were prepared 
with increasing amount of PEOS. All the hybrid membranes appeared homogeneous, rather 
though and flexible, i.e. they did not break upon pulling or bending. For a detailed description 
of samples’ aspect and morphology, the reader is referred to Chapter 7 of this thesis. 
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Proton exchange between water and sulfonic acid groups 
For solid polymeric samples, the 1H NMR spectrum exhibits noticeably broadened peaks due 
to the random orientation of molecules and strong 1H-1H homonuclear dipolar coupling in a 
rigid polymer. Magic angle spinning measurements are used to average the dipolar couplings 
on the time scale of the rotor period and thereby achieve significant line narrowing. 
Therefore, the proton NMR spectrum of a fully hydrated SPEEK membrane was recorded 
under MAS at a rotor frequency of νR = 5 kHz and a temperature of T = 295 K (see Figure 
8.1). The spectrum is characterized by a sharp, narrow peak at δ = 4.4 ppm and weak spinning 
side bands (marked with stars in Figure 8.1) positioned on top of a broader signal. The latter 
is attributed to protons with restricted molecular motions, i.e. the aromatic protons of SPEEK 
(see the structure of SPEEK in Figure 8.1). The intense line corresponds to a coalescence of 
the NMR peaks from protons attached to the sulfonic acid groups (-SO3H) that include also 
bound water molecules and highly mobile molecules of free water. The spinning sidebands 
are related mainly to the residual dipolar interactions and chemical shift anisotropy of bound 
water, as confirmed by an exchange NMR experiment using one-dimensional exchange 
spectroscopy by sideband alternation26. 
 
                                                 
26
 P. Tekely, D. Reichert, H. Zimmermann and Z. Luz; Initial conditions for Carbon-13 MAS NMR 1D exchange 
involving chemically equivalent and inequivalent nuclei, J. Mag. Reson., 2000, 145, 173. 
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Figure 8.1 Proton NMR spectrum of a fully hydrated SPEEK membrane under MAS at νR = 
5 kHz measured at 500 MHz, T = 295 K. The spinning-sidebands are marked with stars. The 
structure of SPEEK is also shown. 
 
The measurements made at different rotor frequencies (νR) in the range 0.5 – 5 kHz show that 
the line width at the half height is independent of νR, in the limit of experimental errors 
(Figure 8.2). Hence, the proton exchange processes are not affected by the sample rotation.  
 
 
Figure 8.2 Full line width at half intensity of 1H NMR spectra for the hydrated SPEEK 
membrane as a function of the rotor frequency. The measurements were made at T = 295 K. 
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Enthalpy of activation for water chemical exchange described by Eyring function  
The energy of activation of the proton exchange process within a polymeric material can be 
estimated by recording 1H SS-NMR spectra at different temperatures. For example, Ye et al.27 
derived the activation energy for proton transport in SPEEK assuming Arrhenius-type 
temperature dependence for the proton line width at half height (∆ν1/2). In the investigated 
temperature range, 310 - 360 K, the proton exchange process was characterized by a unique 
energy of activation27. The same approach was reported for Nafion and Nafion-SiO2 
composites21 using the temperature dependence of the self-diffusion coefficients and spectra 
line width. Moreover, high-resolution solid-state 1H NMR under fast magic angle spinning 
was used to study proton exchange and conductivity in ethylene oxide tethered imidazole 
heterocycles20. Also in that case it was claimed that the Arrhenius relation describes the 
proton exchange process in the temperature range investigated. However, we should note that 
based on the first principles the proton exchange with the acidic protons and in the hydrogen-
bonded network is described by the empiric Arrhenius law only in a crude approximation.  
We shall consider in the following that the chemical exchange of protons between different 
water pools can be described by an effective exchange rate keff. The dependence of keff on 
temperature is described from first principles by the Eyring function23. In the fast exchange 
limit the relationship 12/1
−
∝∆ effkν   is valid where ∆ν1/2 is the full linewidth at the half height23. 
One of the major differences compared with the Arrhenius function is the fact that the 
prefactor is temperature dependent.  
 
 
 
                                                 
27
 G. Ye, N. Janzen and G. R. Goward; Solid-state NMR study of two classic proton conducting polymers: Nafion 
and sulfonated poly(ether ether ketone)s, Macromolecules, 2006, 39, 3283. 
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The temperature dependence of ∆ν1/2 using Eyring function is given by  
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where kB is Boltzman´s constant, T is the temperature, h is Planck´s constant, R is the ideal 
gas constant, and ∆G+ = ∆H+ - T∆S+ is the free energy of activation. The dependence of 
ln(∆ν1/2T) as a function of 1/T is a straight line with the slope related to the enthalpy of 
activation ∆H+. Such dependence is shown in Figure 8.3 for fully hydrated SPEEK. 
 
 
Figure 8.3 The temperature dependence of ln(∆ν½T) measured by the full line width at half 
intensity from 1H MAS spectrum at νR = 5 kHz for hydrated SPEEK using Eyring functional 
dependence. The slope of the dashed line was used to calculate the enthalpy of activation at 
lower temperatures (300 - 330 K; ∆H1+ = 4.67 kJ/mol) and the slope of the solid line for the 
higher temperatures range (350 - 370 K; ∆H2+ = 13.80 kJ/mol). 
The errors are of the order of 5%. 
 
 
Unlike what was observed by other research groups, two different proton exchange processes 
are detected for the SPEEK sample. The first process takes place at low temperatures (300 - 
330 K) with small value of ∆H+ (hereafter ∆H1+; here ∆H1+ = 4.67 kJ/mol) and it is assigned 
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to the exchange between weakly bound water and free water. The second process has a larger 
value of ∆H+ (hereafter ∆H2+; here ∆H2+ = 13.80 kJ/mol) and corresponds to the chemical 
exchange between strongly bound and free water at higher temperatures (350 – 370 K).  
The same kind of experiment was conducted on the hybrid membranes. The dependence of 
the enthalpy of activation for fully hydrated SPEEK-SiO2 membranes as a function of the 
used amount of PEOS is shown in Figure 8.4. The presence of the silica filler does not seem 
to contribute substantially to the proton exchange between weakly bound and free water (see 
the rather constant trend of ∆H1+. On the other hand, little amount of silica (up to 11.4 wt%, 
i.e. PEOS = 20 wt% during membrane preparation) appear to facilitate the exchange between 
strongly bound and free or weakly bound water (see values of ∆H2+ decreasing from sample 
SP-PE.0 to SP-PE.10 and reaching a minimum at SP-PE.20). 
 
 
Figure 8.4 Enthalpies of activation (∆H1+ = dotted line; ∆H2+ = solid line) for water exchange 
processes as a function of PEOS content. The errors are of the order of 5%. 
 
 
∆H1+ 
∆H2+ 
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Interestingly the proton conductivities of the samples SP-PE.10 and SP-PE.20 as measured by 
impedance spectroscopy28 were more stable upon successive heating/cooling measuring 
cycles at 90 % relative humidity (RH), showing less dependency on membrane hydration than 
the pure SPEEK. This effect, combined with the lower activation energy shown by SP-PE.10 
and SP-PE.20 at higher temperatures, makes them interesting candidates for PEM fuel cell 
operating at 100 °C or eventually above and at low humidity conditions.   
However, increasing the amount of silica precursor does not translate in further improvement 
in the water exchange at higher temperatures. On the contrary, in the presence of higher 
amount of silica - samples SP-PE.30 and SP-PE.40 have a theoretical content of silica of 17.1 
and 24.7 wt%, respectively – the exchange between strongly bound and free or weakly bound 
water requires more energy than in pure SPEEK. A possible explanation for this phenomenon 
is that some end-groups of the hyperbranched precursor polymer might be unconverted, i.e. 
they are trapped in the polymeric matrix as hydrophobic ethoxy groups instead of hydrophilic 
silanols, thus limiting the amount of sites available for proton exchange. On the other end, if 
PEOS conversion reaches completeness and if we assume that the acidic functions get more 
readily hydrated than silanol groups7, the considerably lower volume fraction of sulfonic acid 
groups in samples SP-PE.30 and SP-PE.40 could account for the increased difficulties in 
exchanging protons between strongly bound and free or weakly bound water. However, so 
far, the conversion of PEOS in the hybrid membranes has not been investigated, making it 
difficult to conclude unequivocally on the effect displayed in Figure 8.4. 
 
 
 
                                                 
28
 Chapter 7 of this thesis. 
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Normalized enthalpy of activation for proton chemical exchange as determined by 
isotropic chemical shift  
The isotropic chemical shift δ of the coalescence peak is given by29  
δ(T) = p1δ1(T) + p2δ2(T)  (2) 
where δ1 and δ2  are the isotropic chemical shifts of the different states of water. The ratio of 
the probabilities of the sites occupation p1 and p2 is described by the relationship30 
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where the quantity ∆G+ is the free activation energy difference between the two species 
participating to chemical exchange. From the normalization condition p1 + p2 = 1, and Eq. (3) 
we finally obtain 
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If the temperature dependence of the individual chemical shift parameters can be neglected in 
the temperature range investigated (see below), i.e. δi(T) ≈ δ i (i=1,2), we can finally write, 
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The temperature dependence of the isotropic chemical shift of the exchange peak is shown in 
Figure 8.5 for hydrated SPEEK membrane.  
 
                                                 
29
 M. L. Martin, G. L. Martin and J.-J. Delpuech; Practical NMR spectroscopy, Heyden, London, 1980. 
30
 H. Shanan-Atidi and K. H. Bar-Eli; Convenient method for obtaining free energies of activation by the 
coalescence temperature of an unequal doublet, J. Phys. Chem., 1970, 74, 961. 
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Figure 8.5 The temperature dependence of the coalesced peak position (δ) for fully hydrated 
SPEEK membrane from 1H MAS spectrum MAS at νR = 5 kHz. 
 
The behaviour of experimental data is in agreement with Eq. (6). This shows that the 
temperature dependence of water exchange process dominates that of chemical shifts δ1 and 
δ2. The individual isotropic chemical shifts δ 1 and δ 2 are difficult to be measured in the very 
slow exchange regime due to the dipolar line broadening effects. The temperature change of 
the magnetic susceptibility is responsible for variation of the measured chemical shift δ. The 
susceptibility correction to a measured chemical shift follows the relationship 
κα
3
π4
δδ 0 
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



−−= , where δ0 is the uncorrected chemical shift, α  is the mean shape factor of 
the sample, and κ is the volume magnetic susceptibility31. The last quantity for water depends 
on the number of hydrogen bonds and in the first approximation changes linearly with the 
temperature32. If this effect is comparable to that of Boltzmann factor, the temperature 
dependence of δ(T) in Eq. (6) will not follow the linear dependence shown in Figure 8.5. The 
data of Figure 8.5 reveal that the measurements of the temperature dependence of the 
                                                 
31
 R. E. Hoffman; Variations on the chemical shift of TMS, J. Mag. Reson., 2003, 163, 325. 
32
 R. Cini and M. Torrini; Temperature dependence if the magnetic susceptibility of water, J. Chem. Phys., 1968, 
49, 2826. 
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isotropic chemical shift of the collapsed resonance do not probe separately the proton 
exchange between different water pools like the measurements of line width (Figure 8.3). This 
can be explained by the fact that the former experiment is related to the statistical equilibrium 
of water populations and the last one describes the kinetic of proton exchange in a cooperative 
hydrogen bonded network. 
From Eq. (6) we can evaluate the ratio ∆H+(PEOS)/∆H+(0), where ∆H+(0) is the enthalpy of 
activation for SPEEK membrane without silica. The dependence of ∆H+(PEOS)/∆H+(0) on 
the amount of PEOS is shown in Figure 8.6. The ratio of the enthalpy of activation shows a 
minimum for the low content of PEOS and increases for larger values of PEOS content 
similar with that of enthalpy of activation calulated from the line width (Figure 8.4).  
 
Figure 8.6 Normalized enthalpy of activation for water exchange in hydrated SPEEK-SiO2 
membranes versus content of PEOS, as calculated from measurements of isotropic chemical 
shift. The errors are of the order of 5%. 
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8.4 Conclusions 
The proton exchange processes were investigated in a series of hydrated SPEEK-SiO2 
nanocomposite membranes. As the molecular actors in these processes are protons as 
quantum particles the quantum-mechanical approach is needed. Therefore, the Eyring 
function is used for evaluation of the enthalpy of activation describing proton exchange 
between different water pools. The measurements of the isotropic chemical shift of 1H NMR 
MAS spectrum as a function of temperature provides information about the normalized 
enthalpy of activation for exchange processes. These thermodynamic quantities reveal that the 
water exchange processes in hydrated SPEEK proton exchange membranes are more efficient 
when low concentrations of PEOS are used in sample preparation (up to 20 wt%, 
corresponding to a theoretical silica content of 11.4 wt%). This will increase the probability of 
dissociation, transfer and transport of protons, thus the proton conductivity, especially at 
higher temperatures, making them interesting candidates for application in PEM fuel cells. 
Future studies should be addressed towards the quantification of the degree of conversion of 
polyethoxysiloxane and the acquisition of more data points from hybrid membranes prepared 
with percentage of PEOS between the 10 and the 30 wt%, to understand which are the 
parameters that promote easier exchange between strongly bound and free or weakly bound 
water in the silica-based composites compared to the pure SPEEK. 
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